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An analytical and experimental program i n  three phases w a s  carried out 
fo r  the plupose of assessing the f eas ib i l i t y  of a freeze-out technique for  
control of t race contaminants i n  atmospheres of manned spacecraft. The Phase 
I task area was t o  perform analysis which defined performance and l imitations 
of  the  technique, based on the MORL vehicle i n  the primary and several a l t e r -  
nate missions. The Phase II experimental e f fo r t  included design, fabrication, 
and operation of a laboratory breadboard freeze-out apparatus t o  determine 
freeze-out performance with a selected group of poten t ia l  contaminants. 
Phase 111 task area was t o  evaluate f eas ib i l i t y  of the method, based on re- 
s u l t s  of Phases I and II, and t o  establish follow-on objectives. 

The 

The analyt ical  work of Phase I included a canpilation of physical pro- 
per t ies  of 122 poten t ia l  contaminants and the  p lo t t ing  of the  solid phase 
vapor pressures versus temperatures. Freeze-out temperatures were determined 
which would l i m i t  the contaminant contents i n  the cabin air  t o  the space maxi- 
mum allowable concentrations. The resu l t s  showed tha t  removal could be achieved 
fo r  about 85$ of the contaminants at 2OOOR, however, t h e  loss of CO2 and water 
at  t h i s  temperature may not be acceptable. 
would eliminate the Cw loss but also remove fewer contaminants ( 6 6  versus 
85%). 
and it w a s  found tha t  anrmonia was the probable controlling item fo r  flow rate. 
Radiator analyses fo r  the MORL missions showed that  temperatures attainable 
d u r i n g  the primary mission and sane al ternate  missions are  not low enough. 
Suff ic ient ly  low temperatures can be reached with proper radiator orientation 
i n  synchronous ear th  o rb i t s  and i n  interplanetary f l igh t .  
inary design concepts w e r e  established and pressure drop and temperature 
character is t ics  were determined. 
MDFtL cryogenic s tores  are  inadequate alone for contaminant removal and would 
not s ignif icant ly  supplement a radiator system. 
configurations w e r e  established incorporating radiators  with various other 
ccmrponents such as regenerative heat exchangers. 

A higher out le t  temperature (280%) 

Process rates were calculated fo r  a selected group of tes t  contaminants, 

0 
Radiator prelim- 

Freeze-out system studies showed tha t  the 

Several preliminary system 

The experimental phase s ta r ted  with design and fabrication of test 
apparatus for  contaminant freeze-out under temperature and f l o w  conditions 
approximating those of a radiator  tube. Tests were run on seven compounds 
i n  dry air, with contaminant content a t  about the maximum acceptable concen- 
t r a t ions  established i n  Phase I. Removal effectiveness values varied fran 
40$ t o  over 955. A fi l ter  a t  the o u t l e t  improved removal markedly i n  sane 
cases, however, deposition on the f i l t e r  caused increased pressure drop. 
Testing with a molecular sieve showed tha t  amnonia i s  strongly adsorbed i n  
zeol i te ,  and both anrmonia and benzene are  adsorbed at high efficiency i n  
s i l i c a  gel. 
rad ia tor  feed air f o r  the purpose of C02 and H f l  removal.. 

This suggests t h a t  neither chemical can be used t o  pre-treat  the  



INTROaTCTION 

Among the problems which must be solved for long-term manned space flight, 
gaseous contaminant control is one of the most important. Esnpirical data is 
meager on the long-term effects of the many possible contaminants on man, and 
applicable theories concerning toxicity are lacking. Further, the procurement 
of additional data on long-term metabolic toxic limits would be a tremendous 
task. 

The magnitude of the problem depends somewhat upon the removal devices 
used for air purification. 
effort which must be devoted to defining human tolerance to contaminants. 
Reccanmended toxic gas removal techniques for spacecraft have included chemical 
adsorption and absorption, and catalytic conversion of compounds to H and CO2 
which are removed by major subsystems of the life support system (IS? Can- 
version is usually limited to specific canpaunds such as H2, CO, and CH4. In 
addition, conversion devices such a8 high temperature catalytic burners can 
create compounds which a r e  more toxic than the original compounds processed. 

The better the removal and control, the less the 

To handle the many trace compounds possible in manned spacecraft, adsorp- 
tion in activated charcoal is usually recommended. 
lent capabilities but will not remove all compounds and its ranoval capability 
for a given campound is difficult to accurately predict. 
effect due to the presence of many gases may alter charcoal's capacity for a 
particular gas for which test data is available. 

This technique has excel- 

Also, the interference 

An additional means of contaminant removal which has been suggested is 
freeze-out. It has the advantage that data on freezing temperatures are avail- 
able, and therefore, it may be possible to predict the performance of a freeze- 
out device. Ideally, a low enough temperature used for freeze-out will remove 
any compound in the presence of any other campound. Practically, however, 
this technique is limited to compounds with freezing points above that of 
oxygen and further may be limited by the cooling capabilities of the space- 
craft systems. 

This report presents the results of a study in three phases on the feasi- 
bility of using freeze-out for contaminant control. Phase I was analytical 
and included: (1) an investigation of possible contaminants and their con- 
trollability by freeze-out, (2) a study of spacecraft cooling sources using 
the NASA MORL concept for a model, (3) the study of mechanization of the 
freeze-out concept, and (4) formulation of test objectives for the following 
experhental phase of the program. 
determined through actual contaminant freeze-out testing during Phase I1 of 
this program. 
during Phase 111 to recommend potential research areas involving contaminant 
control and contaminant detection. 

Further definition of feasibility was 

The results of the analytical and testing phases were used 

2 



PROGRAM CRITERIA AND GROUND Rums 

The guidelines f o r  the analysis and evaluation of freeze-out techniques 
f o r  contaminant control are defined by the models presented i n  t h i s  section. 
The Mission Model is  shown i n  Table I, the C r e w  Model is shown i n  Table 11, 
and the Spacecraft Model is  described i n  the following subparagraphs. 
Crew Model r e f l ec t s  design c r i t e r i a  for the  spacecraft and i ts  l i f e  support 
system. 
concept of NASA (ref. 1). 

The 

The models a r e  based on the  manned o r b i t a l  resezrch laboratory (MORL) 

TAEU 1. - MISSION MODEL 

Inclination 
Mom Altitude, t o  Equator, Vehicle 

Miss ions n.mi. degrees Orientation 

1. Primary Earth Orb i t  200 2a End -to-sm 
Missions 

2. Alternate Missions 

a. High Inclination 200 53 - 90 Belly d a m  
Earth Orbit 

b. Synchronous 20, OOO o - 90 B e l l y  down 
Earth Orbit 

c. Lunar Orb i t  100 o - 90 Belly down 

d.  Interplanetary - 
Flight 

- Sun oriented 

3 



TABLE 11.- CREW MODEL 

Crew Size 

Nminal f o r  MORL vehicle 
Temporary overload capabili ty 

C r e w  Metabolic Quantities 

Oxygen Consumption 

Carbon Dioxide Production 

Water Consumption 

Urine Production 
Including sol ids  
Without solid 6 

Respiration and Perspiration 

Feces Output 
Including sol ids  
Without so l ids  

Metabolic Water Production 

Wash Water 

Heat Output 
Nominal 
Design [shirtsleeve) 
Design space s u i t )  

Six men 
Nine men 

1.92 lb/man-day 

2.32 lb/man-day 

6.17 lb/man-day 

4.07 lb/man-day 
3 . 92 lb/man-day 

2 . 78 lb/man-day 

0.34 lb/man-day 
0 . 26 lb/man-day 

0 . 79 lb/man-day 

3.00 lb/man-day 

10,850 Btu/man-day 
500 Btu/man-hour 

1, OOO Btu/man-hour 

4 
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Figure 1.- MORL Configuration 

Space c raf t  Mod e l  

The spacecraft model shall be as defined i n  the following subparagraphs. 

Physical Configuration.- 

Shape and Dimensions As shown i n  Figure 1. 

External Shell  Construction One (1) inch thick corrugated sandwich 
of 0.020 sheet aluminum (7075-T6 al loy).  

Twenty (20) sheets of aluminized Mylar 
between external she l l  and pressure 
shell, t o t a l  thickness of 0,125 inches. 

0.08 inch thick aluminum (X)14-T6 al loy).  

Wall Insulation 
(ref.  1 VO~. XII, pp 65 
and 109) 

Pressure Shell  

5 



Atmosphere i n  Laboratory and Hangar/Test Areas.- 

Constituents 5@ N2, 50% 029 by volume* 

Pressure 

CO2 Par t i a l  Pressure 

Humidity 

7.0 - + 0.3 psia. 

4 rmn ~g nominal, 8 mm ~g maximum. 

509 (35% t o  65% dew point). 

Temperature 75 2 5% 

Atmospheric Quantities.- 

Laboratory 

Hangar/Test Area 

7850 cu f t  pressurized volume. 

2150 cu f t  pressurized volume. 

A i r  Lock Volume 70 cu f t  

Environmental Control Systems.- The MORL vehicle would have the following 
l i f e  support components ( ref .  1, VOL XIV). 

1. Charcoal f i l t e r  t o  remove odors and some t race contaminants. 

2. Debris t rap  and f i l t e r  t o  remove par t ic les .  

3. Chemisorbent bed and catalyt ic  burner loop t o  remove other t race 
contaminants. 

4. Si l ica  ge l  and molecular sieve beds t o  remove and control the COP 
produced by the crew. 

5.  Ultraviolet l ight  t o  k i l l  bacteria. 

6. Mass spectrometer and gas chromatograph for  contamination detection. 

The laboratory and the  hangar/test area compartments each have an independent 
environmental control system as described above. 

Atmospheric Stares on Board.- The on-board tankage i s  defined as follows 
‘(ref. 1, VOL XIV, p 23). 

Minimum Tank 
Tank No. Diameter Consumables a t  Total  m a c i t y  Pressure 
rype Required (Inches) Launch (Days) When Full (Days) ps i a  

m2 5 28.8 10 137.5 50 

LN2 1 21.8 10 90 50 
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a O2 and IV2 are stored subcritically as cryogenic liquids. 

Withdrawal rates for the primery mission are: 

O2 = 12.82 pounds/day 
N2 = 1.24 pounds/day 

Vehicle Thermal Radiators - Primary Mission. - 
1. Heat Rejection Radiator. Under a 1O.foot long portion of the cir- 

cumference of the external shell (ref . 1, Vol. Xnr).  

2. Freeze-out Radiator 

Orientation: A panel parallel to the axis of the vehicle has been 
assumed to be available. The length and width is to 
be determined. 

Infrared Buissivity: 0.9 

S o w  Absorptivity: 0.2 

Vehicle Atmospheric Leakage.. 

Laboratory compartment = 1.0 lb/day 
Hangar/test compartment = 1.0 lb/day 

Solar Cell Power Penalties. = 

DC - 0.9 lb/watt plus 0.1 lb/watt-months 
AC - 1.4 lb/watt plus 0.14 lb/watt-months 

Any substance in a closed environment may become toxic when its concen- 
tration exceeds a certain limit. The identification of the substances and the 
establishment of preliminary toxic limits were objects of the study conducted 
in Phase I. Trace contaminants found in various closed, manned environments 
have been listed by several researchers. 
marines (ref. 2), Mercwy spacecraft (ref. 3), and space slanilators (ref. 4, 

These environments include sub- 

5, and 6 ) .  

Numerous discussions of these lists have appeared in recent literature. 
Bolles (ref. 7) discussed contaminant control for flights of one-ye= dura- 
tions. Those contaminants expected to be produced in the MORL vehicle have 
been listed (ref. 1); and Spangler (ref. 8) and Huber (ref. 9 )  summarized 
the general contaminant problem. 
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All conterninants reported in the above references t o  have existed i n  
manned enviroments were tabulated (see Table 111) f o r  study i n  t h i s  contract. 
A t o t a l  of 122 contaminants were identified.  
i n  all three types of environments and 19 others were i n  two of the three types 
of environments. Assuming these 122 contaminants t o  be representative of those 
tha t  ex i s t  i n  a vehicle such as the  MORL, effort  w a s  directed toward determin- 
ing the physical character is t ics  necessary t o  evaluate freeze-out removal fea- 
s i b i l i t y  and select  several canpounds for use i n  the Phase I1 testing. 

O f  these, t en  were identified 

Physical Properties 

The properties investigated were: 

1. Molecular weight. 

2. Freezing point. 

3.  Boiling point. 

4. Adsorption ra t ing  by charcoal. 

5. Vapor-pressure versus temperature relationship. 

6. Space maximum acceptable concentration (SMAC). 

The first four properties are published for  over 100 of the contaminants 
l i s ted .  
anywhere i n  the l i t e ra ture .  
indus t r ia l  data were found i n  the l i t e ra ture ,  but the general consensus was 
tha t  without further experimental d a t a  any extrapolation is  arbitrary.  For 
the purposes of t h i s  study, the reasoning of Bolles w a s  u t i l i zed  and pub- 
lished industrial  threshold l i m i t  values (TLV) were reduced by a factor  of 
ten. 
( ref .  10, ll), and were tabulated i n  parts-per-million (ppm) by volume a t  
sea-level pressure. 
and were assumed t o  apply a t  one atmosphere. 
i n  terms of the partial  pressure (pp) as follows: 

However, one of the most important items, SMAC, i s  not found d i r ec t ly  
Several attempts t o  j u s t i f y  extrapolations of 

These limit values were found for  74 of the  contaminants studied 

Therefore, the resul t ing SMAC values are i n  ppm by volume 
The SMAC values can be expressed 

For example, a compound with a l i s t e d  TLV of 100 ppm (such as ammonia) 
would be assumed t o  have a SMAC of 10 ppm and an equivalent p a r t i a l  pressure 
of:  

760 
(~p),, = 10 x 3 = 0.0076 m Hg. 

Such p a r t i a l  pressures were computed for  74 of the  contaminants, and were 
used t o  determine the temperatures required for  freeze-out. It should be 

8 



Column 

1 

2 

5 

6 

7 

8 

9 

10 

11 

TABU 111. - C O N " ~ ~ S  FOUND I N  SPACE CABINS 

Explanation of Table 

Compound number. 

Compound name (generally as approved >y the  Internat ional  Union 
of Chemistry). 

Same synonyms as found i n  the l i t e ra ture .  

Formula. 

Molecular treight . 
Freezing point, absolute Fahrenheit scale, ?I (considered t o  
be synonymous v i th  nelt ing point). This data i s  based on t e m -  
peratures taken fron the Handbook of Chemistry and Physics, 
1965, ref .  14, unless noted with an as te r i sk  (*). "he values 
denoted with an aster isk (*) were taken from Lange's Handbook 
of Chemistry, 1961, ref.  15. A l l  data i s  fo r  aTproxinately 
one atmosphcre unless noted otherwise i n  parentheses. 

Boiling Toint, %, as obtained from the Handbook of Chemistry 
and Physics, 1965, ref .  14, unless noted. 
about one atmosphere unless noted i n  mm Hg. 

The data i s  for 

Space maximum acceptable concentration ( SMAC) of ccrmpound i n  
par t s  per mill ion (volme a t  one atmosphere). Values l i s t ed  
are  one-tenth of lndustr ia l  "Tlireshold E m i t  Values" (TLV), 
( ref .  lo), or  one-tenth of indus t r ia l  M A C ' S  ( re f .  11). 

Temperature e t  which the vapor pressure of the contaminant 
i n  the solid or l i q < i i d  state equzls the SMAC p a r t i a l  pressure 
(obtained from vepor-yessure -temperature curves). 

P a r t i a l  pressure, mm e, corresponding t o  the Sl!C ppm 
(assuming a t o t a l  pressme of 14.7 psia).  

Charcoal Rating: 

1 = Charcoal zcisorption capacity low 
2 = Hot highly adsorbed by chmcoal 
3 = Satisfactor i ly  adsorbed by charcoal 
11 = Charcoal adso-tion caDacity high 
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Column 

12 Source: Reference i n  which contaminant was l i s t e d  as being 
present or  suspected i n  a space cabin: 

M = Contaminants found i n  Mercury f l i g h t s  ( re f .  3). 

S = Contaminants found in  submarincs ( re f .  2) .  

T.C. = Contaminants found in  t e s t  chambers: 

1, McKee, H.  C. ( ref .  16).  

2. Saunders, R .  A .  ( r e f ,  6) .  

D = Contaminants l i s t e d  as being "representative of the 
contaminants t ha t  w i l l  be found i n  the MORL" ( re f .  1 
Vol. X I V ) .  

0 = Contaminants referred t o  i n  other generalized l i s t s :  

5. 

6.  

Bolles, T. V. ( re f .  7).  

"Recommended MAC" (ref. 1, Vol. XIV, Table 6-26). 

7. Specified by NASA Technical Contract Monitor, 
F. W. Booth, as found i n  manned simulator ( r e f .  4). 
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noted t h a t  the  allowable contaminant p a r t i a l  pressure was considered t o  be 
independent of t o t a l  pressure and, therefore, the SMAC ( i n  ppn by volume) 
a t  a cabin pressure of 7 ps ia  would be approximately twice tha t  fo r  a pres- 
sure of one atmosphere. 
Stokinger ( ref .  12). 

This i s  i n  agreement with the reasoning of 

In  addition t o  the p a r t i a l  pressures, the determination of these tempera- 
tures  requires knowledge of the freezing points of the compounds as w e l l  as 
the  vapor pressure-temperature characterist ics of the solids. 
vapor pressure data are  not commonly published i n  the low pressure and tem- 
perature region under consideration here. It was necessary, therefore, t o  
extrapolate vapor-pressure versus temperature data u t i l i z ing  the Cox method 
(ref. 13). This method consists of laying off on the ordinate of a pa i r  of 
ordinary coordinate axes, a scale of logarithms of pressure. 
is  then drawn near the center of the sheet sloping upward t o  the right a t  an 
a rb i t ra ry  angle of about 45'. 
curve of a reference substance, generally water. Using the  actual  vapor- 
pressure data f o r  water, a scale of temperatures is  then plotted along the 
abscissa t o  conform t o  the a rb i t r a r i l y  chosen vapor-pressure l ine.  When the 
vapor pressure of any substance i s  plotted on t h i s  system of coordinates, it 
i s  found t o  yield approximately a s t ra ight  l ine.  Only two points are  needed 
t o  p lo t  the vapor-pressure data fo r  any substance, and the l ines  can be ex- 
trapolated t o  lower and higher pressure values. These l i nes  are plotted i n  
Figures 2 t o  8 fo r  a l l  of the contaminants studied. 

Unfortunately, 

A s t ra ight  l i n e  

This l i n e  i s  chosen t o  be the vapor-pressure 

For the  very low temperatures, C02 ra ther  than water was used as a r e f -  
erence substance, and provided the data for  a scale of temperatures down t o  
166%. By properly placing the reference l ines ,  two abscissa scales were 
found t o  approximate the temperature readings over the range of interest .  
Temperatures can be read d i rec t ly  on the lower scale taking care t o  account 
fo r  t h e  variable increment intervals  o r  more precisely by us ing  the upper 
scale which is  l inear  i n  lO,OOO/T. Vapor-pressure versus temperature data 
f o r  pressures below one atmosphere were found i n  the Handbook of Chemistry 
and Physics ( ref .  14 )  fo r  most of the l i s t e d  contaminants. 
used t o  establish the  points from which t h e  extrapolations were made. 

These data were 

The freezing points and the SMAC p a r t i a l  pressures are indicated on the 
vapor pressure versus temperature p lo ts  of Figures 2 t o  8. 
ture f o r  each contaminant i s  defined herein as that  temperature a t  which the 
contaminants' l iquid or  solid vapor pressure i s  equal t o  the SMAC p a r t i a l  
pressure. 
freeze-out device. 

The SMAC tempera- 

I n  most cases it determines the temperature required i n  the 

Obviously, the temperature of each compound must be lowered below i t s  
However, i n  the majority of freezing point t o  "freeze-out" that compound. 

the cases the  temperature corresponding t o  the freezing point i s  higher than 
the SMAC temperature. The lower of the two temperatures is  referred t o  here 
as the "controlling temperature". 
f'reeze-out device must be lowered t o  something l e s s  than t h i s  controlling 
temperature to  provide removal and insure tha t  the  cabin concentration does 
not exceed t h e  SMAC p a r t i a l  pressure. I n  an equilibrium removal process, 

The temperature of the cabin air  in  the 
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the  controlling temperature would be suff ic ient  f o r  removal but i n  the actual  
process equipment, temperatures slightly lower w i l l  be necessary. Further 
discussion of these temperatures is contained i n  the next section. 

Up t o  th i s  point it has been lmplied that a contaminant must be i n  the 
Some thought was given t o  removing contaminants sol id  state t o  be removed. 

i n  the  l iquid state; however, the complicated l iquid separation devices 
required i n  the external radiators were considered impractical. 
fac tor  was that only 22 of 66 canpounds studied (those f o r  which SMAC, f'reez- 
ing point and vapor-pressure-temperature relationships were known) had SMAC 
temperatures higher than the freezing points. 
than 20 degrees higher and only f ive  were more than 60 degrees higher. Hence, 
the luw temperature requirements f o r  contaminant control a r e  not s ignif icant ly  
affected by going t o  l iquid rather  than solid removal. 

An additional 

Of these, only 15  were more 

The pertinent physical data campiled fo r  122 contaminants i s  presented 
i n  tabular form i n  Table 111. Sequential listings of the freezing points and 
SMAC temperatures are shown i n  Tables IV and V, respectively. 
"controlling temperatures" a re  shown i n  Table V I .  
the compounds f o r  which controlling temperatures a re  available, 855 are  ideal ly  
removed if 200% is reached i n  the freeze-out device. 
p rac t ica l  lower limit due t o  the  dew point of 02 at  143% and was  used as a 
design goal f o r  the freeze-out system. 
according t o  molecular weight and boiling point a re  shown i n  Tables VI1 and 
VIII. 

The resul t ing 
It may be noted tha t  of 

This was considered a 

Cross tabulations of the contaminants 

Freezer Flow Rate and Temperature Requirements 

Basic Equation.- Information on the r a t e  of contaminant introduction t o  the 
cabin i s  necessary t o  establish prac t ica l  cabin air  processing rates fo r  the 
freeze-out removal device. Conversely, if the  processing r a t e  is set, it 
establishes the maximum contamination r a t e  which can be accepted without 
exceeding the cabin SMAC values. The basic re la t ion  which expresses the 
steady-state mass flow ra tes  is, 

0 0 

% = -  M mc M, PPI - PPO 

where, 

M = molecular weight of the cabin atmosphere, 

Mc 

p 

= molecular weight of the contaminant, 

= cabin pressure (362 mm Hg),  
, 

0 

mc = mass flow r a t e  of the contaminant i n to  the cabin ( l b h ) ,  
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TABU3 V.- SMAC =m!TURE OF C0NTAMI"TSlC 

lowmC 
l O W  
low 
low 
low 
low 
low 
171 
188 
189 
205 
216 
a 7  
219 
237 
238 
244 
246 
255 
256 
259 
264 
265 
28 1 
28 5 
287 
290 
299 
307 
309 
312 
314 
318 

4 
24 
59 
74 
75 
100 
78 
99 
79 
27 
60 
107 
76 
62 
116 
22 
7 
5 
58 
91 
30 
23 
52 
65 
1 
63 
25 
61 
51 
98 
95 
102 
57 

corn- 
acetylene 
carbon monoxide 
fluorine 
hydrogen arsenide 
hydrogen chloride 
ozone 
hydrogen phosphide 
nitrous aide 
hydrogen sulfide 
chlorine 
formaldehyde 
phosgene 
hydrogen fluoride 
freon-12 
sulf'ur dioxide 
carbon dioxide 
ammonia 
acrolein 
ethylene oxide 
methanethiol 
chloroe thene 
carbon disulfide 
ethyl mercaptan 
freon-114 
acetaldehyde 
f re on -21 
carbon tetrachloride 
freon-11 
ethyl formate 
nitrogen dioxide 
methylene chloride 
pentane 
ethylene dichloride 

325 
325 
329 
332 
334 
334 
336 
338 
339 
340 
342 
349 
352 
352 
354 
360 
361 
368 
384 
390 
394 
394 
394 
396 
396 
398 
401 
402 
416 
420 
424 
426 
428 
516 

120 
6 
14 
29 
10 
69 
2 
46 
93 
3 
90 
34 
48 
92 
56 
77 
117 
119 
85 
49 
38 
39 
40 
104 
35 
105 
12 
log 
108 
88 
9 

114 
32 
115 

trichloroethylene 
allyl alcohol 
butanone-2 
chlorobenzene 
benzene 
hexane 
acetic acid 
p - dioxane 
methylchloroform 
ace tone 
methanol 
cyclohexane 
ethyl acetate 
methyl cellosolve 
ethylene diamine 
hydrogen peroxide 
tetrachloroethylene 
toluene 
isopropyl alcohol 
ethyl alcohol 
1, 2-dimethylbenzene 
1, 3-dimethylbenzene 
1, 4 -dime thylbenzene 
2-pentanone 
cyclohexanol 
2-pentanone, 4-methyl 

1-propanol 
phenol 
mesitylene 
amyl alcohol 
pseudo cumene 
hesol 
skatole 

butanol-1 

* That temperature at which the vapor pressure of the contaminant i s  at the 
SMAC value. 
temperature plots. 

The SMAC temperature is lower than 166%, thus can not be determined from 
the vapor pressure-temperature plot. 

The temperature values were taken from the pressure- 
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0 0 
% = mass flow r a t e  of cabin a i r  through the removal device (lb/hr), 

ppi = p a r t i a l  pressure of the contaminant i n  the cabin (assumed equal 
t o  the p a r t i a l  pressure of the contaminant in to  the removal 
device), (mm Hg), 

ppo = p a r t i a l  pressure of the contaminant leaving the removal device 
(m Hg). 

The inlet  pa r t i a l  pressure is  proportional t o  the cabin SMAC and may be ob- 
tained froan Figures 2 through 8 or Table 111. 
contaminant leaving the freezer was taken t o  be equal t o  i t s  vapor pressure 
a t  the outlet  temperature ( T f )  of the freezer. 

The p a r t i a l  pressure of the 

Contamination Rates.- In  order t o  calculate approximate freezer process rates, 
the available data on contamination r a t e s  were investigated. General contami- 
nation ra tes  from equipment within manned spacecraft a r e  d i f f i c u l t  t o  establish 
because of the variation i n  the materials and subsystems contained therein. 
Usable data on contamination rates from hardware sources w a s  not found i n  the 
literature surveyed. 
processes i s  available, however, and was used t o  estimate freezer process rate 
requirements. The following paragraphs consider the contamination rates of 
several substances which a re  within the freeze-out controllable range of a 
space radiator having an out le t  temperature of' 200%. 

Data on contamination r a t e s  result ing from metabolic 

Ammonia resu l t s  from metabolic processes and the average dai ly  formation 
rates are indicated below (ref. 1, Vol. XrV). 

Feces 84 mg/man-day 
Urine 700 mg/man-day 
Perspiration 60 mg/man-day 
Saliva 38 %/man-day 

Total 802 mg/man-day 

Most of the "3 i s  contained i n  urine which would be processed and removed i n  
the water reclamation system. 
and t h e  ammonia would be trapped i n  U S  processing equipment. For estimating 
purposes 
This i s  68.2 mg/man-day, or  2 x 10-t lb/man-day. T h i s  value w a s  used i n  rate 
calculations presented in  the next section. 

Similarly, the other excreta would be processed 

it w a s  assumed tha t  10% o the NH3 escaped in to  the cabin atmosphere. 

Hydrogen sulfide i s  produced metabolically and excreted primarily as 
f la tus .  
t h i s  gas i s  small. 
day or 1.5 x 10-8 lb/man-day. 

Some H2S w i l l  be adsorbed i n  the charcoal although i ts  capacity for  
The average dai ly  Production (ref. 1) i s  0.0042 ml/man- 



Eydrogen sulfide, if  exposed t o  a ca ta ly t ic  burner, w i l l  be converted t o  
SO2 according to: 

2 H $ +  3 0 2  ---t 2 + 0 + 2 S 0 2  

Taking the  average da i ly  production of flatus containing 0.0042 ml/m-day of 
H$, the maximum amount of So;! introduced in to  the cabin would also be 0.0042 
ml/man-day. This i s  about 0.25 x 10-7 lb/man-day introduced in to  the cabin. 

The metabolic production r a t e  of acetone is also given in reference 1 
as 4.4 x 10-6 pounds/man-day. 

Freezer Process Rates.- Using the contamination rates j u s t  presented, and the 
vapor-pressure curves i n  Figures 2 through 8, the freezer process r a t e  and 
temperature requirements were calculated assuming equilibrium between vapor 
and solid,  and tha t  a l l  solids remain i n  the freezer.  
sented i n  Table 
the contaminant a t  the SMAC w i l l  s t a r t  t o  be removed i n  the freezer. 

These results are pre- 
The controlling temperature is  the temperature a t  which 

To pro- 
vide a p rac t i ca l  
p a r t i a l  pressure 
by: 

degree of removal, an out le t  vapor pressure below the  G C  
was chosen such tha t  the  removal effectiveness ('1 ) defined 

PPi - lTo x 100, 
PPI I =  

was greater than 905. 
the table. The removal effectiveness of the freezer, based on the above 
assumption, increases rapidly as the out le t  temperature of the freezer de- 
creases. This indicates t ha t  once the controlling temperature is  reached i n  
the freezer for  a par t icular  contaminant, it does l i t t l e  good t o  decrease the 
temperature more than 20 t o  309 beyond th i s  point. 
of the  vapor pressure versus temperature curves. The assumptions tha t  vapor- 
sol id  equilibrium exis t  and t h a t  a l l  so l ids  remain i n  the freezer are ques- 
tionable and were investigated during the tes t ing  phase of this f e a s i b i l i t y  
6 tudy . 

Observing the f l a w  rate requirements l i s t e d  i n  Table M it is evident 
t h a t  MI3 is  the controlling compound, and requires 0.75 lb/hr per man. If 
t h i s  air flow r a t e  is used the other compounds can be removed much faster than 
the contamination ra tes  l i s ted .  This w i l l  i n  e f fec t  r e su l t  i n  a lower cabin 
concentration than the SMACs f o r  these ccanpounds. 

The corresponding out le t  temperature (Tf) i s  given i n  

This is due t o  the slopes 

As a preliminary design requirement f o r  use i n  t h i s  study, an a i r  process 
flow of 1 lb/man-hr w a s  assumed, o r  6 lb/hr f o r  the MORL vehicle. 

MISSIONS AND EQUIKERIUM RADIATOR -TURES 

The various MORL missions and t h e i r  space environments were studied t o  
determine the capabili ty of a space radiator t o  reach the low temperatures 
required f o r  contaminant freeze-out. To evaluate this capability, the space 
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equilibrium radiator  temperatures for the various missions w e r e  calculated. 
These temperatures are the luwest possible temperatures which can be reached 
by a specified passive radiating surface receiving no heat input from the 
vehicle. 

- 

Space Ewilibrium Temperature Determination 

Space equilibrium temperature is defined herein as the temperature of the 
passive radiator surface i n  heat transfer equilibrium with its space surround- 
inge. A t  t h i s  temperature the heat absorbed frm space equals the heat re- 
radiated f r o m  the surface, or, 

q radiated = q absorbed 

where : 

r =  Stefan Boltzmann constant, 9tu/ft2-hr OR 4 

et = Total thermal. emissivity of the surface 

Te = Space equilibrium temperature, % 

9s = Incident solar heating rate,  Btu/hr ft2 

as = Surface absorptivity for solar  radiation 

= Incident planetary albedo heating rate,  Btu/hr-ft2 

et = Total thermal absorptivity of the surface 
2 q t  = Incident planetary thermal heating rate, Btu/hr-ft 

The incident heating ra tes  depr ld  upon the posit ion and orientation of 
the r a d h t o r  surface w i t h  respect t o  the sun and earth. 
fac tor  which expresses t h i s  effect  of posit ion on the radiation energy re-  
ceived by the surface is denoted by F. 
constants fo r  the ear th  and sun, the planetary t h e m  heating r a t e  is, 

The proportionality 

Using t h i s  factor and the radiation 

st = F t  A Et 
and the albedo heating rate is, 
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where, 

F t  - geometric factor  fo r  radiation f'ram the earth t o  the radiator 
surf ace, dimens ionless 

A = area of the radiator surface, f t2 

Et = t o t a l  energy rate emitted from the ear th  per unit area, Btu/hr-ft 2 

S - s o b  heat f lux  or  "constant", Btu/hr-ft2 

Fa = geometric factor which accounts f o r  reflected energy dis t r ibut ion 
on the planetary surface and the geometry, dimensionless 

a = average r e f l ec t iv i ty  of the earth 's  surface, dimensionless 

"he incident solar heating was zero f o r  the studies made since radiator  
orientations which "looked" away from the sun were chosen. 
was necessaryto obtain low enough temperatures sui table  for contaminant 
freeze-out . 

This orientation 

The values of the constants used t o  obtain the equilibrium radiator 
temperatures were as follows: 

r =  0.1713 x lo4 Btu/ft2-hr-% 

as = 0.2 

Et = 66.36 Btu/ft2-hr 

S = 442.4 Btu/ft2-hr 

a = 0.4 

To obtain the minimum radiator temperature, the r a t i o  of as/&t should be as 
s m a l l  as possible. "he oCs and E t  values l i s t e d  above were estimated f o r  a 
coated radiator surface exposed t o  space fo r  extended time periods, a8 would 
be the case for  missions where contaminant freeze-out would be practical .  
Surface coatings giving approximately these values after 300 hour8 of simu- 
lated solar-vacuum exposure include titanium and zinc oxide p i p e n t s  i n  
s i l i c a t e  vehicles. 
t o  the space environment has not been fully investigated. 

Deterioration of these coatings due t o  longer term exposure 

The geometric factors  used t o  compute equilibrium radiator  temperatures 
were obtained from Reference 17 as a function of radiator  posit ion and 
orientation. 
spacecraft surfaces. 

The radiator w a 6  assumed t o  be flat and t o  "see" no other 



MORL Missions and Related Equilibrium Temperatures 

Primary MORL Mission.- The primary EaORL mission is  earth o rb i t a l  with an alti- 
tude of 200 n.mi. and an i n i t i a l  o rb i t  plane inclination t o  the equatorial  
plane of 28O. To de ter -  
mine the equilibrium radiator  temperatures, the orbi t  plane inclination t o  
the  earth-sun l i n e  (rather than t o  the  equator) must be established. 

This corresponds t o  a Cape Kennedy west-east launch. 

Depending upon the time of the launch and the t h e  elapsed since the 

As an example of 
If the launch 

However, i f  the MORL were launched 

launch, the primary mission orb i t  inclination t o  t h i s  l i n e  w i l l  vary between 
0' and about 530 (specified fo r  MORL, ref.  1, Vol. XV). 
the variation, consider a s m e r  launch f'rom Cape Kennedy. 
occurred a t  noon, the i n i t i a l  inclination of the orb i t  plane t o  the  earth-sun 
l i ne  would be about 5 O  (Figure 9, orbi t  1). 
a t  midnight the i n i t i a l  inclination would be about 51' (Figure 9, orb i t  2). 
I n i t i a l  orbi t  inclinations w i l l  a l so  vary w i t h  the  season as  i l lus t ra ted  by 
the winter solar  rays shown i n  the figure. 
resu l t  i n  the 51° inclination orbit .  

A winter launch a t  noon would 

In  addition t o  the temporal effect  of the i n i t i a l  o rb i t  inclinations t o  
the earth-sun l ine,  these inclinations w i l l  continue t o  vary w i t h  time due t o  
the rotat ion of the earth around the sun and a l so  due t o  precession of the 
orbi t  around the ear th 's  axis. The precession occurs because the center of 
mass of the ear th  is  below the equator ( the earth i s  s l igh t ly  pear-shaped), 
and one complete rotat ion of the orbi t  plane around the pole takes about 55 
days. 

The net  r e su l t  of the time and precession effects  described above, i s  
t h a t  the primary MORL orbi t ' s  inclination t o  the earth-sun l i ne  w i l l  vary 
between 0 and + 53' about once a month. 
formance of a &ace radiator must be taken into account when evaluating i ts  
freeze-out capability. 
temperatures of the radiator which are shown i n  Table X, Items la, lb, and 
I C  . 

The result ing variation i n  the per- 

The variation is reflected i n  the equilibrium surface 

These temperatures were computed f o r  the coldest portion of the MORL 
surface with the MORL continuously pointing toward the sun and not ro l l ing  
w i t h  respect t o  the sun. 
of the time dur ing  the primary mission. 
o rb i t  i s  the panel tha t  faces away from the earth-sun l i n e  a t  high noon 
(Figure 10). 
and the least albedo and planetary radiation. 
o rb i t  anomaly of 180' t h i s  same panel, however, faces toward the ear th  ( for  
inclinations other than Oo) and receives substantial  planetary radiation which 
increases the equilibrium temperature. 
month, due t o  orb i t  precession, the  MORL would have t o  be rolled 180' i n  order 
t o  keep the radiator i n  the coldest position. 

This is  the orientation of the MORL f o r  55 t o  7 6  
The coldest f la t  panel over the ~LIU 

In t h i s  posit ion the panel receives no d i rec t  solas radiation, 
I n  the earth 's  shadow at an 

It should be noted tha t  about once a 

I n  addition t o  the long-term equilibrium temperature variations, 90- 
minute orb i t  period fluctuations occur f o r  the  primary mission. 
rtlso indicated i n  Table X i n  terms of the orb i t  anomaly angle. 
peratures are a l so  plotted i n  Figure ll. 

These are 
These tem- 
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Ixrring the primary MORL mission, the equilibrium temperatures are gener- 
ally over 3 0 0 q  and climb to about 400% at times. These temperatures are 
the minimum temperatures attainable and the actual radiator fluid tempera- 
tures will be higher. 
would provide removal of a very limited number of contaminants. 

Therefore, a freeze-out radiator for the primarymlssion 

Alternate MORL Missions- Representative equilibrium radiator temperatures for 
the alternate MDRL missions were also computed and are included in Table X. 

For the high inclination orbits (to the equator), the orbital inclina- 

The orientation of the vehicle is nose first, 
tions to the earth-sun line vary between Oo and 90' for the same reasons which 
apply to the primary mission. 
belly down (towards the earth) for reasons of planetary observation. 
coldest flat segment of the MORL circumference was again used to obtain the 
lowest possible temperatures for a freeze-out radiator. 
peratures vary between 0% for the goo inclination to about 350% for 00 
inclination. Therefore, for the high inclination missions, a space radiator 
could be used for freeze-out part of the time. 
bility, however, considering the whole range of orbit positions and resulting 
equilibrium temperatures. 

The 

The theoretical tem- 

It would have limited capa- 

For the synchronous earth orbit mission, the satellite is far enough 
frm the earth so that planetary radiation and albedo are very s m a l l .  There- 
fore, by choosing a surface segment looking away from the sun and intercepting 
minimum radiation frm earth, very l o w  equilibrium temperatures are obtained. 
The high noon temperature of 65% given in Table X is the hottest position 
of a l l  the MOIU synchronous orbits. 
in temperatures less than 6591, subject to the stipulation that the nose 
first, belly d a m  orientation is maintained and the coldest surface segment 
is used. Hence, a radiator freeze-out system would be feasible for this 
mission from a temperature standpoint. 

Other orbital inclinations would result 

Equilibrium radiator temperature calculations for lunar orbits are 
treated similarly to those for earth orbits. These have been calculated and 
are reported in ref. 18 which was used herein. 
for MORL was specified at 100 n.mi. but the orbital inclination would depend 
upon the particular mission. The primary MORL orientation in lunar orbit is 
nose first, belly dam. 
the temperatures are shown in Table X. For inclinations steeper than about 
45O to the moon-sun line, temperatures of about 200% are obtainable and 
could be used for freeze-out. 
It should be noted that lunar orbital inclinations will change with time 
yielding both low and high equilibrium temperatures. 
appear generally practical to use radiators for freeze-out in lunar orbit. 

The lunar orbit altitude 

Taking the coldest segment for three inclinations, 

Lower inclination orbits could not be used. 

Therefore, it does not 

During interplanetary solar oriented flight, the freeze-out radiator 
could be in position to look essentially at deep space. Hence, the equilib- 
rium radiator temperature would be practically absolute zero and freeze-out 
would be possible. 
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I n  order t o  generate performance characterist ics of a radiator  syfsteP 
sui table  for contaminant freeze-out, it is necessary first t o  consider a 
prac t ica l  hardware design concept. This design concept w i l l  provide the 
basis f o r  examining the various parameters involved i n  radiator performance 
and thus enable a r e a l i s t i c  evaluation of the f e a s i b i l i t y  of such a sy8ta. 

Radlator Design Concept 

Based upon the proposed contaminant removal function of the radiator, 
reasonable initial approximations can be made for  the required f l o w  rate and 
i n l e t  and outlet  temperatures. 

From the study of contaminant freeze-out character is t ics  t is evident 
that an out le t  radiator temperature i n  the neighborhood of 200 4 must be 
achieved for the system t o  show defini te  promise. 
removed below t h i s  temperature is re la t ive ly  small and a llmit exists a t  
143% which corresponds t o  the condensation point of a 5046 0 2 - N ~  mixture a t  
7 psia. 

The number of contaminants 

Since radiator area can be reduced by lowering the i n l e t  temperature it 
would appear desirable t o  u t i l i z e  the cold e x i t  gases i n  a regenerative hd,at 
exchanger t o  pre-chi l l  the i n l e t  gases. 
2009, a cabin temperature of 53m and a heat exchanger only 50$ effective, 
an i n l e t  temperature of approxlmately 360% can be obtained. As heat ex- 
changers are commonly made with an effectiveness i n  the neighborhood of 7C$, 
t h i s  3600~ may be considered as a conservative maximum i n l e t  temperature. 

ASBuming an out le t  temperature of 

Frm the expected requirements f o r  the r a t e  of contaminant removal, a 
sui table  t o t a l  flow through the radiator  appears t o  be s i x  pounds per hour 
(one pound per man-hour). 

Based on these considerations, an out le t  temperature, maximum i n l e t  tem- 
perature and f l a w  rate of 2 0 0 9 ,  360% and 6.0 pounds per hour respectively 
have been assumed fo r  i n i t i a l  radiator design. 

Radiator Insulation and Support.- Assuming a radiator  surface emissivity of 
0.9, the heat loss  by the cold end of the radiator  w i l l  be approximately 
2.5 Btu/hr-ft2. 
t u r a l  aupports and the proximity of the space vehicle w a l l ,  as w e l l  as the 
heat introduced by the gas flowing through the radiator.  Consequently, i n  
order f o r  the radiator t o  perform a t  al l ,  she sum'of a l l  heat leaks (paras i t ic  
heat load) must be l e s s  than 2.5 Btu/hr-ft ; and t o  minimize radiation area 
it should be a amall f ract ion of this .  For an in te rna l  cabin temperature of 
532%, giving a (IT of 3329, the over-all conductance t o  the radiator  (cold 
end) must, therefore, be l e s s  than 0.00754 B-tu/hr-ft2-*. 
wi th  C0nVentiOn.d. insulations which could prwide s t ruc tu ra l  support u6 W e l l  
8s thermal insulation, would require m t e r i d  several  inches t o  several feet 
thick; and ta  obtain a desirable conductance of perhaps 20$ of t h i s  value, 

This must include heat leaks in to  the radiator  due t o  struc- 

To obtain this  value 



would rewire at least a foot  of thickness. 
space, hawever, end u t i l i z ing  multiple layered insulation materials ("super- 
inSulations") over-a l l  conductance 

tively lightweight material and specially designed support structure. This 
permits effect ive use of approximately 8oqb of the heat d i s s ipa t ed  at  200%. 

By use of the ~RLCUUEI of 

ues which w i l l  l i m i t  the paras i t ic  heat 
load t o  approxhately 0.5 Btu/hr-ft F may be obtained w i t h  one inch of rela- 

Two examples of the type of radiator  and insulation design mounting t o  
achieve th is  performance a re  sham in  Figure 12. 
sulat ion m a t  i n  canpression between the cabin outer skin and the  radiator.  
The radiator would be held tightly against the insulation by spring-loaded 
st raps along i ts  periphery. 
tween the cabin skin and the radiator, but i n  this  case the insulation would 
be unloaded and the radiator would be retained i n  posi t ion by springs attached 
t o  truss-type brackets extending outboard from the cabin surface. 

One would sandwich the in- 

The other would also sandwich the insulation be- 

I n  both cases, a multiple layered insulation of the "Linde" or  '"RC" 
type was considered. In  the first case the pa ras i t i c  heat load is conducted 
primarily through the insulation as i t s  conductivity is  increased by the 
compressive load. The spring-loaded straps for  t h i s  application would be 
r e l a t ive ly  long and of smaU moss section since they would be i n  tension 
only and would thus contribute very l i t t l e  t o  the heat load. I n  the second 
case, a s t r u t  of larger  cross section would be required and consequently would 
carry most of the  pa ras i t i c  heat load; the insulation m a t ,  however, would be 
unloaded resul t ing i n  a negligibly small conduction. 

These examples are intended t o  i l l u s t r a t e  basic design approaches from a 
thermal performance standpoint. For an actual  flight hardware ins ta l la t ion  
other factors  such as air loads and heating during launch must be considered. 
These may require the use of special  fairings, shrouds or  extendable panels. 

0 

Fin-Tube Configuration.- Selection of a fin-tube design i s  dependent t o  a 
considerable extent upon material properties and the p rac t i ca l i t y  of fabrica- 
t ion.  
thermal conductivity. A t  the f lu id  pressures considered, tube w a l l  thickness 
is unimportant except f o r  s t ruc tura l  end fabrication considerations. Also, 
since radiat ion r a t e s  are very low, the requirements f o r  conductance across 
the f i n  becanes a secondary consideration and the f i n  thickness may be held 
t o  a minbum necessary for  s t ruc tura l  requirements. 
considerations, a tube w a l l  thickness of 0.028 inch and a f i n  thickness of 
0.010 inch have been selected. 
t o  create  significant hardware problems, while greater thicknesses would 
increase radiator weight without a commensurate improvement i n  performance. 

Aluminum is considered preferable because of i ts  low density and high 

Based on these mechanical 

Thicknesses less than these would be expected 

F in  w i d t h  (one-half the distance between tubes) may now be selected 
based on 0.010 inch thick aluminum. The cr i te r ion  f o r  width selection i s  
f i n  effectiveness, which may be defined as the r a t i o  of actual  heat d i s s i -  
pated t o  the heat which would be dissipated were the en t i re  f i n  a t  root 
temperature, where the root is the  point of attachment of the f i n  t o  the 
coolant tube. 
effectiveness may be expected t o  be lowest where temperatures are highest 

For a radiator  of constant f i n  thickness and width,  the  f i n  
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due t o  the incraued conductance load corretponding t o  high- direipation 
rater. 
fin vldth relect ion v i th  the understanding that the o v e r 4  fin effective- 
nu8 w i l l  a l w m p  be greater. 
temperature, f i n  effectivaners was caputed for  several f i n  wid ths  and a 
six-inch tube reparrt ion selected as it cofislsponded t o  an effectiveners of 
r l i 5 h t l y  groe- than 90$. 
vidth aad a n r k d  decreue in effectivanesr occurs if the width  is Increased 
apprecisbly. 

Coruequently the hot end of the radiator  may be selected for init ial  

Based on 360% a8 the rum w c t a b  r R d i 8 t O r  

Little i r p r m n t  i r  realized by reducing the 

Tube diameter and length primarily af fec t  coolant flow rate and prcsoure 
Far a giwn tube eize it is t o  be expected that the prersure drop w i l l  

It I 8  felt that the mannt?r i n  w h i c h  the contarinanto will “freeze out” 

drep. 
increaae and/or f l o w  rate decresrre with t i m e  due t o  the reo t r ic t ion  created 
by the collection of deporited contaainantr. 
t ime .  
and rerr t r ic t  the f l o w  cannot be accurately daveluped annlytlcally but will 
rued t o  be determined by experiment. 
ance is r e l a t ive ly  insenr i t i tn  t o  tube diameter if mass f l o w  rate is constant. 
Conaeqyently a r e a l i r t i c  performnnce analysir may be made u6ing only very 
approximrte e a t h a t e r  of the contaminant freete-out effect, and tube sizes 
may be ad3urted a t  a later d a t e  t o  cetabli6h f im cycle timer. 
of the initial analysis a tube outside diameter of one-hnlf inch waa relected. 
Tube length w ~ u l  treated as a variable since it must be suf f ic ien t  t o  permit 
cooling t o  the desired temperature. 

! h i e  determines radiator cycle 

Fortunately, radlator  thvrsl perfom- 

For purpose6 

Wiator Vai to- RelimlnuJ estimates of radiator w e i g h t  .uy be W e  b u s d  
-I* derign concepts. For the c u e  In which the inrrulmtion is 
mechanically loaded (see Figure E), the weight e a t i r a t e  is considerably 
higher due t o  the r ap id  lncreare i n  demi ty  of multiple layer inrulation when 
8ubJectud t o  m8chmicrl loading. 
of radiator area is given below. 

0 
A w e i g h t  6- i n  paund8 per square foot 

Itcar 

?In 
Tube 
Inmulnt Ion 
Attachment Device 

- 
Insulation 

w e d  Unloadad 

It ahould be noted tha t  these w e i g h t  estimates are the renrlt of a very 
prcllmlnarjr study only, although an e f f o r t  has been made t o  remain both con- 
ranrstivc and r ea l i s t i c .  
welghtr prerented i n  later sections, a value of 0.5 lb/ft2 h.n been U8ed .  

For purpose8 of ertimation of the freeze-out syrrtem 
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Radiator Performance 

The performance of a radiator based on the preceding general deaign con- 
cept has been analyzed w i t h  the use of a digital computer program. 
input data for the program includes radiator geametry, thermal properties, 
fluid flow rate and space equilibrium temperature. From these, the propam 
cclmputes the temperature and pressure profiles along the tube. 
is of a steady-state nature in that flow rate and space equilibrium temper- 
ature are held constant throughout a given run. 
conditions which will exist in a low equilibrium temperature region where a 
contaminant freeze-out radiator can be successfully used. 

Required 

The *is 

This closely simulates 

The radiator fluid used was the cabin atmosphere of 50$ nitrogen and 5046 
oxygen at a total pressure of 7 psia. 
averaging the individual gas properties at the appropriate temperature and 
pressure. 
close similarity between the gases. The density, thermal conductivity and 
viscosity are sham in Figures 13, 14, and 15 respectively. Specific heat 
was found to be essentially constant at 0.233 Btu/lb-%. 

Fluid properties were obtained by 

For engineering purposes this is quite acceptable due to the very 

To examine the effects of a fairly wide range of parameters, equilibrium 
temperature was varied between 0 and 450%, flow rate between 0.1 and 1.0 
pounds per hour tube, and tube diameters of 1/4 inch and 1/2 inch were used. 
The results are illustrated in Figures 16 and 18. 

Figure 16 illustrates the effect of flow rate variation with constant 
equilibrium temperature, while Figures 17 and 18 show the effect of varying 
equilibrium temperature profiles, which are equally applicable to a 1/4 inch 
or 1/2 inch tube diameter. Included in Figure 16 are values of pressure drop 
at specified tube lengths and flaw rates for l/4-inch tubes. 
the approximate relationship between flow rate, tube length and pressure drop 
which is of value for sizing a radiator to meet pressure drop and/or flow 
rate requirements. 

quired conditions of flaw rate, inlet and outlet temperatures, and space 
equilibrium temperature. 
may be prepared in which radiator area per unit flaw rate is plotted as a 
ftmction of outlet temperature, for a given equilibrium temperature, with 
inlet temperature as a parameter. Two such curves are illustrated in 
Figures 19 and 20 for equilibrium temperatures of 100% and 213%. These 
equilibrium temperatures span the range of interest for an effective con- 
t8minant freeze-out radiator. 
the temperature drops below lOOOR, (as can be seen from Figures 17 and 18) 
and therefore the corresponding curves can be used over the range of O-lOO%. 

These illustrate 

The temperature profiles may be used to size a radiator, given the re- 

To simplify the sizing process parametric curves 

There is negligible change in performance as 

The radiator pressure drop was investigated to see if it was a sieficant 
factor in selecting a configuration. Assuming parallel tubes, total radiator 
pressure drop is equal to the pressure drop per tube ( A  P) which is approxi- 
mately equal to a pruportionality constant (K) times volumetric flow rate (Q) 
and tube length (L) . 
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a A P m K Q L  (1) 

This can be deduced from the usual eqression for pressure drop in a unifarm 
tube with laminas flow. 

e = density 

v = velocity 

g = gravitational constant 

D = tube diameter 

Re = e V  D = Reynolds number 
/u 

,u = viscosity 

k = constant 

f = friction factor 

and since: v = ,* 

k where f = - 
R e  

As the average temperature for fluid properties i s  approximately the same for 
various tubes with equivalent inlet and outlet temperatures: 

a P - K Q L  
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Although tube diameter had negligible effect on the temperature profile,  it 
influences the pressure drop as shown i n  Equation (2) such thst for a 
constant flow rate, 

where K' i s  a new proportionality constant. 

Having selected a radiator  mea  from heat re ject ion considerationr, the 
pressure drop then became6 dependent upon tube diameter and number. A8 the 
number of tubes increases, both tube length and flow per tube decrease pro- 
portionally. 
t o  be proportional t o  tube length and f l o w  r a t e  w i l l  vary inversely a8 the  
square of the d e r  of tubes. 

Consequently, the pressure drop, which was shown i n  Equation (2) 

From Equation (l), 

where : % = t o t a l  volumetric flaw 

A = radiator area 

1 = w i d t h  per tube-fin uni t  (6 inches f o r  chosen configuration) 

N = number of tubes 

hence : 

A P = + A/1  8 = K'l/N2 

where K" being a proportionality constant. 
tubes, and t o t a l  flow ra t e s  of 6.0 pounds per hour, Figure 21 has been pre- 
pared giving pressure drop as a function of radiator  area w i t h  number of tube6 
as a parameter. The pressure drop of the open one-half inch tubes is prac- 
t i c a l l y  negligible. Contaminant loading i n  the tubes, f i l t e r s ,  and other 
system components w i l l  undoubtedly d ic ta te  system pressure drop characterist ics.  

Based upon one-half inch diameter 

FREEZE-OUT SYSTEM 

During the development of specific freeze-out system flaw schematics, 
studies were made of the benefits w h i c h  could be gained through the U s e  Of 
certain MOIU ISS components and the integration of these components in to  the 
system. 
previously analyzed. 

I n  addition, requirements w e r e  studied fo r  additional components not 
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These studies included the  use of MORL on-board cryogenic stores f o r  
supplemental coaling, the use of the MDRL or  a supplemental molecules rieve 
t o  prevent loso of 
of MORL blowera, and analyais of a ngenera t ive  heat exchanger. 
and the fYeeze-out system flow schematics which were generated are included 
i n  th i s  section w i t h  estimated weight and p e r  requirements. 

overboard and to extend the recycle period, tho w e  
These studler 

Util izat ion of Onboard Cryogenics 

For the primasy MlRL mission the performance of the space radiator, ar 
discussed i n  the previous sections, i s  such that i t s  usefulness fo r  contami- 
nant control is  only marginal at  best. 
the MOFU on-board cryogenic stores was investigated t o  determine if i t s  use 
could effectively augment the cooling capacity of the  space radiator.  

Therefore, supplemental coollng by 

The cooling capabili ty of the MORL stores  system is shown i n  Figure 22 

The amount of 
i n  tArXIIB of the temperature drop which could be realized i n  the cabin air 
stream flowing a t  the selected process flow rate of 6 lb/hr. 
cooling capacity depends upon the withdrawal rate of stores Frcan the vessels 
and the  heat leakage in to  the veseels. These parametere, are included i n  the 
figure. 
withdrawal r a t e  w o u l d  give a temperature drop of 30%. 

In  the ideal case of zero heat leakage in to  t h e  vessel  the MORL 

This cooling capability i s  quite amall compared t o  tha t  required f o r  

If cryogenic s tores  were used t o  further 
freeze-out. 
about 350% outlet  temperature. 
reduce the temperature by 1009 t o  achieve a more r e a l i s t i c  freeze-out 
temperature, the cryogenic withdrawal rate required would be about 50 lb/day. 
This weight penalty is unacceptable. 
s tores  would require extensive control and insulation modifications which 
would decrease the over-all  MOFU system r e l i a b i l i t y .  

For example; f o r  the primary mission the radiator  w i l l  give 

Further, the use of the MORL cryogenic 

The cooling dmands of the cryogenic s tores  f o r  an integrated Freeze-out 
system would also c q l i c a t e  the control of the cabin t o t a l  pressure as w e l l  
as the 02 and M;l partial pressure. 
Renlcs f o r  contaminant freeze-out control could only be j u s t i f i ed  vhen a 
re la t ive ly  high use r a t e  above normdl metabolic or leakage rates is required. 
The use of cryogenics freeze-out thus becomes relegated t o  missions which 
continuany consume prupeUants ( ~ 2  and I+) at r e l a t ive ly  large rates. 

It was conclude$ t h a t  the  use of cryo- 

Uti l izat ion of WRL Molecular Sieve 

The characterist ics of the MORL C& removal uni t  sre important i n  establish- 
ing freeze-out system feas ib i l i t y  and C02 an8 H20 losses. 
W i l l  be frozen out in t he  freezer and w i l l  be l o s t  when the  contaminants are 
vented t o  space. not 
comprcmised i n  future missions, their  loss  during venting must be minimized. 
A procoss a b  stream fYee of C b  and H@ will accomplish t h i s  and W i l l  
provide longer periods of operation before regeneration is  necessary due t o  
the build up of these compounds i n  the freezer. 

These coarpaunds 

I n  order t o  insure that the recovery of 02 and H$ 
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Figure 22.--Cooling Available f’rm Cryogenic 02 and N2 
for Cooling the Cabin A i r  
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The primsry mission WORL uses a molecular sieve f o r  
un i t  provides H$ free air as w e l l  as air l a w  in  C% content. 

removal. The 
The ch.rac- 

t e r i e t i c s  of the uni t  are  summarized below: 

Process f l a w  r a t e  

Adsmbing zeol i te  bed temperature 

Water content of air out of zeol i te  bed 
Par t ia l  pressure 
Dew point 

Par t ia l  pressure 
CO2 dew point 

Bocese air t o t a l  pressure 

Zeolite type 

Zeolite weight (one bed) 

Zeolite bed length 

CO2 conbent of air aut of zeol i te  bed 

60 lb/hr 

550% 

0.000022 IIIP 
32m 

The nau.lmum amount of H20 trapped i n  the epace radiator using a reAliator 
air flow r a t e  of 6 lb/hr may be determined by the r a t e  equation, 

where, 
0 

= mass r a t e  of H$l trapped i n  radiator  (lb/hr) 

= p a r t i a l  pressure of %O (2.2 x 10-5 mm ~ g )  
%O 

%!O 
pr = t o t a l  spacecraft cabin pressure (362 x u  Hg) - molecular w e i g h t  of water (18) 

= molecular weight of cabin a i r  (30) 

- mass f l o w  r a t e  of cabin air through the radiator (lb/hr) 

%o 
M 

D+,, 

0 

The t o t a l  a i r  flow t o  the radiator fo r  one year i s  52,500 pounds. 
of water removed from the air stream d u r i n g  this time is  .002 pounds. 
fore, the effect  of the contaminant removal system on the spacecraft W a t e r  
balance and water management system i s  nil. 
dic ta te  the regeneration cycle of the freezer. 

The amount 
There- 

Also, water freeze-out W i l l  not 



a 

l a 

The amount of C02 trapped i n  the space radiator was determined in a 
manner similar t o  that used f o r  determining the water loss. 
centration of CO2 t o  the radiator froan the MORL sieve is a 

corresponding CO2 vapor-pressure equivalent t o  approximately 13 ppm. 
difference times the mass flow rate gives an amount of C02 removed from t h e  
system dur ing  a years' operation of 335 pounds. This is about 6.6 percent 
of the t o t a l  metabolic output of the six-man crew and could pose poten t ia l  
oxygen log i s t i c s  problems fo r  a spacecraft which regenerates 02. 
of recoverable oxygen l o s t  i n  the 0 2  during one year is  244 pounds. This 
may not be a serious loss  for  certain missions because the excess metabolic 
water could supply 1,300 pounds of oxygen make-up. The loss of CO2 can also 
be reduced or  eliminated, if  required, by using higher radiator  temperatures 
at  the  expense of contaminant removed effectiveness. 
temperature of 254% would result i n  no loss of C02 but w o u l d  remove 70 per- 
cent rather than 85 percent of the contaminants studied. 

The inlet  con- 
oximately 6,500 

ppm by w e i g h t .  The out le t  temperature of the radiator (200 % ) w i l l  have a 
The 

The amount 

For example, a radiator  

The CO2 trapped i n  the radiator w i l l  determine the allowable period of 
The following radiator d a t a  waa operation before regeneration is required. 

used i n  estimating th i s  period prior t o  venting and removal of CO2. 

0 2  Inlet Concentration 1.6 pll~ ~g 

CO2 Inlet Dew Point 254% 

Flow Rate/Tube 0.5 l b  

TUIX Diameter (ID) 

Frozen C02 Density 95 lb/ft3 

inch (1/2 inch O.D.) 

Unloaded Pressure Drop Per Foot -033 inch H$ 

Space Equilibrium Temperature 65% 

The temperature prof i le  of the radiator tubes obtained frun Figure 18 
shows that the temperature drops frm 254 t o  225% i n  two feet of length. 
It w a s  assumed for  estimation purposes that the amount of C02 deposited in 
the tube (difference between 1.6 mm Hg a t  254% and 0.1 mm Hg at 2250R) was 
dist r ibuted evenly over this length. 
tube-hour. 
a pressure drop w a s  obtained as a function of time (Figure 23). 
t i ons  assumed that pressure drup was proportional t o  velocity squared. 
23 is  f o r  an idealized case and was prepared t o  give only an order of magni- 
tude estimate of regeneration times. The p lo t  shows tha t  the tube becanes 
clogged w i t h  C02 mer about three days, but before th i s  the pressure drop 
remains reasonable. 

The C02 deposition rate is 0.0552 h.3/ 

The calcula- 
By calculating the  resul t ing r e s t r i c t ion  of the one-half inch tube 

Figure 

The three-day period is probably optimistic fo r  several reasons. The 
main reason is that it is  expected that the freeze-out tube w i l l  require some 
s o r t  of filter inside the tube t o  prevent the frozen contaminant per t ic les  

0 
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Time - Eoure 

Figure 23.- Idealized Pressure Drop Chrracteristics 
of a Freeze-out Tube fbading Up With 



from being ca r r i ed  r igh t  through and out of the  tube. 
been observed in  freeze t raps  and necessitates the use of filters. 
reason an abminum mesh or  similar type material may be considered for use in 
the freeze-out tube. This would cause d i rec t  impingement of the  frozen mate- 
rial along the tube length and hopefblly d is t r ibu te  the load of frozen con- 
taminants. 
loading and clogging a t  th i s  point (see test results). Fran the  standpoint 
of CO2 loading and regeneration t h e ,  any filtering scheme w i l l  result i n  a 
greater flow r e s t r i c t ion  and more rapid increase i n  pressure drup; however, 
t h i s  effect  cannot be predicted accurately. I n  view of such factors,  it was 
considered more reasonable t o  presently assume a regeneration period of once 
a day rather  than once every three days. 

Such a phenanenon has 
For t h i e  

A filter a t  the end of the tube only might r e su l t  i n  excessive 

The substant ia l  C02 freeze-out i n  the radiator which has been discussed 
above, led t o  a preliminary analysis of an auxi l iary molecular sieve t o  re- 
move CO2 from the a i r  stream before entering the radiator. 
was used as a reference f r o m  which t o  estimate the performance end design 
character is t ics  of the auxi l iary unit. 
adsorption capacity of Linde 5A molecular sieve. 
character is t ics  of the auxi l iary uni t  and a comparison with the 
unit .  

The MOFU sieve 

Figure 24 was also used and shows the 
Table X I  presents the 

primeSy 

The maJor d i f f i cu l ty  w i t h  the use of an auxi l iary molecular sieve a r i s e s  
fran the  energy required f o r  adsorption and desorption cycling. 
of the zeol i te  t o  reclaim the CO2 can be accomplished with heat or vacuum. 
The use of a vacuum pump t o  desorb the beds and pump the  CO2 t o  the cabin 
w a s  considered undesirable. 
would probably be required, and the result ing pump would have t o  be designed 
t o  preclude the introduction of contaminants such as o i l s  in to  the cabin. 
The use of heat f o r  desorption also resul ts  i n  the requirement fo r  conrplex 
auxiliary heating and cooling equipment. 
zeo l i te  bed's CO2 adsorption capability and prevent excess heat from being 
transferred t o  the freeze-out radiator. 
not have sufficient thermal capac i ty to  provide the necessary heating and 
cooling and, therefore, heat exchange internal  t o  the zeol i te  beds is neces- 
s m y  t o  provide fast enough tem-perature cycling. 
and coolant a t  3 5 9  were available, heating and cooling c i r cu i t s  would have 
t o  be integrated in to  the bed design. If heating f lu id  w a s  not available, 
heaters requiring considerable e lec t r ic  power would be needed. The thermo- 
regenerative molecular sieve would be quite ccanplex and the design of heat 
t ransfer  surfaces integral  with the zeol i te  bed would be d i f f icu l t .  In 
general, an extensive analysis and actual adsorption/desorption t e s t s  on 
zeol i te  w i t h  CO2 a t  low p a r t i a l  pressures would be necessary f o r  the d e t a i l e d  
design of the molecular sieve concept. 

Desorption 

A desorption pressure on the order of 10 microns 

Cooling is  necessary t o  res tore  the 

The a i r  f l a w  through the beds does 

If a heating f lu id  a t  400% 

Blower and Heat Exchanger Uti l izat ion 

The freeze-out systems w i l l  require blowers capable of delivering 6-10 

The use 
pounds/hour of air a t  about 10 inches of H20 r i se .  
available, weighing about two pounds and requiring about 25 watts. 
of the  MORL suit-molecular sieve blowers f o r  integration with the freeze-out 

Such uni ts  are readily 
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TABLE XI.- AUXILIARY AM) MOFU MOULYJLAR SIEVE CHARACTERISTICS 

Zeolite type 

Zeolite bed weight 

A i r  flow rate 

Bed temperature 

Bed length 

Mass flow velocity 

Residence time of air passing 
through the bed 

Inlet 0 2  pp 

Outlet 0 2  pp 

Adsorption time before 
cycling beds 

Load of C02 at  the end of 
t h e  adsorption half-cycle 

Approximate load percentage of 
adsorption captr.city at  the 
average bed p a r t i a l  pressure 

MORIA - 
Linde 5A 

7.75 lb 

60 lb/hr 

550% 

5 inches 

140 lb/hr  ft2 

.6 sec 

4 mm Hg 

1.6 mm ~g 

8 minutes 

lb C02 
'olo l b  zeolite 

Auxiliary 

Linde 5A 

4 l b  

6 lb/hr 

550% 

12.5 inches 

55 lb/hr f t 2  

2.4 sec 

1.6 ~g 

0.1 mm Hg (estimated) 

30 minutes 

lb C02 
.0°4' l b  zeol i te  

153 
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. 
6 p t e m  d i d  not seem reaeonable i n  that t h e i r  u6e would d i lu t e  the 
of the molecular eieve inlet air etream, thereby decrearing the p r i P u y  mo- 
lecular  eieve efficiency. Alma, the t o t a l  available preerure rise of the 
MOFU bluwera is only 8even inches of H$ of which porrlbly three incher vould 
be available fo r  the freeze-out system. 
the  system. 

content 

Thio ir probably not suf f ic ien t  f o r  

A regenerative heat exchanger was sized t o  cool the air stream prior t o  
flow through t h e  radiator, and t o  warm the treated air stream prior t o  exhaust- 
ing it t o  the cabin. 
conventional p la te  f i n  arr The design calculations were bssd 011 
data preeented i n  Referencyc;:tand reeulted in a counter flow exchanger 
about 2 inches x 1 inch x 12 inches long. The w e i g h t  of the core me about 
one pound and the t o t a l  pressure drap was less than 0.5 inch of HN. One- 
inch thick fiberglass batting is adequate for thermal insulation and welgha 
less than 1/2 lb .  
t ion  duct, etc., w a s  taken as four pounds. 

The design was based upon a 70 percent effect ive ud.t Of . 

The t o t a l  w e i g h t  of the heat exchanger, supporte, t r m e i -  

The regeneration of the freeze-out radiator  can be controlled manually. 
The controlling factors  are radiator  ou t le t  temperature and flow. The radia- 
t o r  performance is such that flow changes due t o  pressure drap increases (CO2 
depoerition) can be indirect ly  observed by a change in radiator  ou t le t  tempera- 
ture. A temperature range of + 15% fram the  set point w i l l  probably be ade- 
quate f o r  proper freeze-out OpFration. 
a warning l i g h t  or alarm can be used t o  inform the crew t ha t  an adjustment 
must be made to  an in l ine  thro t t l ing  valve. 
t ion  timing and tube sizing would be selected so as t o  minimize manual 
adjustments. 

When the temperature drape too law, 

In the final design, regenera- 

It has been assumed tha t  the regeneration of the space radiator t o  re-  
move C02 and contaminants can be accomplished by isolat ing the radiator c i r -  
cui t  from the feed air stream and exposing it t o  the vacuum of space. 
practice, the radiator may a l so  require a sublimation heater t o  increase i ts  
temperature i n  order t o  shorten the time fo r  efflux of the trapped materials. 

In  

Preliminary Freeze -out Schemes 

Several i l l u s t r a t ive  freeze-out schemes f o r  the primary and al ternate  
MORL missions have been formulated based on the data presented i n  the previous 
sections. Simplified schematics a re  presented along with estimated f l i g h t  
weight, power, and radiator area requirements. 

Primary Mission Schematics.- The schematics fo r  the primary mission freeze- 
out concepts are shown i n  Figures 25 and 26, and the pertinent characteris- 
t i c s  of theee concepts a re  given i n  Table X I I .  The figures are baeed on a 
space equilibrium radiator temperature of 350OR, which only al lows about 1546 
of the contaminants t o  be removed. The d i r ec t  radiator  scheme shown i n  
Figure 25. is  the simplest approach, with d i r ec t  flow of air  from the  MORL 
molecular sieve zeol i te  bed discharge t o  the space radiator  and return through 
a blower t o  the cabin. 
for  the use of a regenerative heat exchanger t o  precool the a i r  before entering 

The concept of Figure 26 is  basical ly  the -e except 
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Figure 25.--Direct Radiator Freeze-out Concept - Primary Mission 
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the space radiator. 
about the same as the d i rec t  approach. 

This approach requires less radiator are8 and we-r 
Therefore, it is  t o  be preferred. 

An auxiliary molecular sieve i s  not required i n  e i ther  scheme sinct the 
freeze-out temperatures a re  above the CO2 removal point. 
allow long periods between regeneration of the radiator. 
included for flow control and venting of the radiator t o  space, and safety 
i so la t ion  valves a r e  included i n  case of a puncture of the radiator.  
latter valves would close a t  sensing a l ow pressure in the l i ne  and isolate 
the radiator from the cabin. 
changer is above the freezing point of most cormpounds. Therefore, the hcrt 
exchanger i s  not vented t o  space. 
regenerative heat exchanger should be vented, the manual isolat ion valve 
could be placed upstream of the heat exchanger. 
changer would be constructed heavier t o  withstand the larger pressure 
d i f fe ren t ia l s  . 

This factor  would 
Manual VdVe6 are 

The 

The temperature in the  regenerative heat a- 

If f'uture tes t ing indicates that the 

In  t h i s  case the heat ex- 

Alternate Mission Freeze-out Concepts.- The al ternate  mission concepts show 
more p r a i s e  f o r  substantial  contaminant removal due t o  the low radiat ive 
temperature environments. 
is possible for the synchronous orb i t  and the Mars mission and was used as 
the basis of the concepts studies. 
assumed as a prac t ica l  lower l i m i t .  
Figures 27, 28, and 29, and the pertinent characterist ics are included in 
Table X I I .  

A space equilibrium radiator temperature of 65OR 

A 200% freeze-out temperature wa8 
Three concepts are  i l lus t ra ted  in 

The simplest and l i gh te s t  scheme shown i n  Figure includes only a 
regenerative heat exchanger and the radiator. 
the cabin air temperature t o  305% some contaminants may be frozen aut in 
the heat exchanger. Therefore, the manual isolat ion valve f o r  regenerating 
the radiator system i s  placed upstream of t h i s  heat exchanger which would 
have t o  be designed t o  withstand the resul t ing vacuum. 
the heat exchanger could be vented t o  vacuum if it was found t o  be desirable 
upon detailed design of the heat exchanger core. 
of th i s  system would be required approxlmately once a day due t o  the CO2 
build up in the radiator tubes. 
metering valve and the flowmeter. 
about 335 lb/year with a resul t ing 02 loss  of 244 lTyr. If' the aver-al l  
ISS could not make up for  th i s  loss w i t h  02 from metabolically produced water, 
a system employing an auxiliary molecular sieve could be considered. 

Since the heat exchanger drops 

Both flow sides of 

Venting and regeneration 

Flow control is  manual by means of the 
The C02 l o s s  u s i  th is  scheme would be 

Figure 28 shows one possible concept employing an auxi l iary molecular 
sieve. 
regenerative molecular sieve has been included. 
ing f lu id  i s  available for  zeol i te  desorption. 
of the zeolite beds is  indicated and could be controlled by automatic- 
activated solenoid valves. 
l a r  sieve is  evident *om the figure. As mentioned ear l ie r ,  an extensive 
study would be necessary fo r  the detailed design of the moleculm sieve con- 

It i s  ident ical  t o  the preceding system except t h a t  a thermo- 
The system assumes tha t  heat- 

Internal  cooling and heating 

The complexity of the themo-regenerative molecu- 

cept * 
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Figure 29 is a schematic of a system using a secondary closed loop for 
heat rejection. Nitrogen is used for the secondary heat transfer fluid and 
would be supplied froln the 142 store8 Symtan. lkeeze-out occuri only In the 
two heat exchangers. This scheme has the advantage of an isolated radiator 
loop which would not cause a cabin deccmpression if the radiator were punc- 
tured. Another advantage is that the heat exchangers could be more readily 
heated for regeneration than the external radiator if this were necemumy. 
A radiator by-pass is shown in Figure 29 for this purpose. An uninsulated 
portion of this by-pass tube could be heated by natural convection of the 
cabin and thus provide the heat for regeneration of the freeze-out heat ex- 
changers. 
due to the use of the secondary loop. At the low temperatures and radiator 
heat fluxes involved, this results in excessive radiator area. Also, the 
scheme is more complex due to the use of the secondary loup. 

The major disadvantage of the scheme is the temperature deep.sdation 

Mscussion of Test Objectives 

The preceding sections have described the anallytical and review work done 
in studying freeze-out feasibility. 
model used depended upon knowledge of: 

In general, the feasibility for the 

1. The contaminants to be removed. 

'\ 
2. The ability of a space radiator and its environment to produce low 

temperatures. 

3. The characteristics and mechanization of the freeze-out process 
itself. 

Further studies involving the first item involve long-term data acquisi- 
tion as LSS missions and testing continue. 
sufficient detail in earlier sections to predict that low temperature freeze- 
out radiators are possible for sane missions. Several aspects of item 3 were 
also studied and discussed earlier, but several uncertainties did not lend 
themselves to analysis, without additional experimental data. To study these 
uncertainties as well 8s provide initial experience with a breadboard system, 
a short test program was initiated. 
tube to simulate a space radiator tube and testing with several selected 
contaminants . 

The second item was studied in 

It included fabrication of a freeze-out 

The testing included investigation of actual freeze-out effectiveness. 
Earlier, in the absence of any data on the dynamics of the freeze-out process, 
removal effectiveness was tentatively estimated by 8SSWUing mass transfer 
equilibrium between the gas stream flowing past the solid contaminant. 
establish the actual effectiveness the inlet and outlet partial pressure (or 
p p )  values were measured for the test contaminants flawing through the simu- 
lated radiator tube. 

TO 
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Another aspect of the ireeze-out process on which f e a s i b i l i t y  depends 
is characteristics of CC& loading and removal irm the freeze-out tube. About 
once a day the freeze-aut tube must be purged of w. 
it has been assumed tha t  t he  vacuum of epace cauld be used for th i s  (202 purge, 
as vell as t o  purge the other contsminants. 
pump connected t o  a coploaded freeze tube to investigate the purge character- 
i s t i c s .  A prolonged 002 loading test v88 n m  t o  determine the rate of differ- 
e n t i a l  pressure increase due t o  
the effectiveness of freeze-out of other contaminants vas studied. 

I n  the previous sectione 

Teste were run with a vacuum 

buildup. Also, the influence of CO2 on 

The fkeeze-out system w e i g h t  penalty calculated earlier depends upon the 
ava i l ab i l i t y  of very dry air with about 1.6 mu partial pressure of CO?. 
was assumed that t h i s  air would cane fran a molecular sieve-type concen- 
trator i n  which silica gel and synthet ic  zeo l i te  would remuve water and w. 
However, these chemicals may not be usable because they may adsorb sane of 
the ccmpounds meant t o  be frozen out. 
chemicals t o  pre-process the air, t e s t s  on the i r  a f f i n i t y  f o r  two contaminants 
were included i n  the test program. 

It 

To investigate the usef'ulness of these 

Selection of Test  Contaminants 

Before fur ther  formulation of test plans and equipment, the list of con- 
taminants previously presented i n  Table 111 was surveyed i n  order t o  se lec t  
several  canpounds which could be used f o r  testing. The selection involved the 
following criteria. 

1. Probability of existence in  a space vehicle environment similar t o  
the MORL. 

2. Variety of parent ccmpounds, t o  insure inclusion of representative 
ccnupounds from inorganic and organic canpounds. 

3. Low molecular w e i g h t  and boiling point t o  insure inclusion of com- 
pounds which are not readily absorbed by charcoal. 

Low space maximum acceptable concentration (SMAC). 4. 

The various cross tabulations presented e a r l i e r  were used t o  establish can- 
pounds w h i c h  qual i ta t ively satisfied several or  a;L1 of the above cr i te r ia .  

A n  additional consideration i n  the selection of carpounds for tes t ing  
was the capabili ty t o  measure these canpounds w i t h  existing equipment and 
known techniques. 
pounds at concentrations i n  the low part per million range. An I R  spectro- 
photaueter and a gas chromatograph wi th  a hydrogen flame detector and a 
thermal-conductivity detector covered a range of campounds and provided the 
necessmy sensi t ivi ty .  For these instruments, estimates were made of mea- 
surement sens i t iv i ty  for  a number of possible t e s t  compounds. 
were used t o  eliminate those canpounds which could not be adequately monitored. 

The monitoring equipment must detect  and measure the can- 

These estimates 
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As a resul t  of the above considerationo, a l is t  of 22 porrible tert c a b  
pounds was prepared f o r  initial consideration and i o  shown in mble AII. 
l is t  was reviewed by aAsA and Convalr and the seven ccmpaunds underlined were 
finally selected for terting. 

Thir 

Carbon dioxide was selected because of i t a  high introduction rate Into 

Amaonia wa8 selected due t o  the high air flow rate required t o  i m u r e  
The other contaminanto relacted 

a manned environment and the poss ib i l i ty  of irozen 
tor .  
an  acceptable smnonia concentration level. 
were representative of those compoUnae meeting the criteria discuosed pro- 

obrtmcting the  radia- 

viously. 

General Test Plan 

Table X I V  summarizes the tests and the c o n t d m n t r  used. The t e r t  
numbers l i s ted  in  the table  do not indicate the order i n  w h i c h  the t e s t s  were 
run. The first two tests were intended t o  investigate CO2 freeze-out on 
short-term runs and the a b i l i t y  of yacuum t o  purge the freeze tube of carbon 
dioxide. The purpose of the t h i r d  t e s t  was t o  obrerve freeze-out rymtexa ope- 
ra t ion wi th  the accumulation of carbon dioxide within the tube over long-term 
operation. In addition, Test No. 3 was used to obrcrve vacuum purge effsc- 
tivenese on a f i l l y  loaded tube. Test Nos. 3 and 4 were to  examine the  freeze- 
out characterist ics of ethyl alcohol and t o  determine whether the prerencc of 
carbon dioxide would influence i ts  freeze-out effectivenese. Tests 5 through 
10 were f o r  the purpose of establishing freeze-out characterieticr fo r  beniene 
and ammonia and t o  measure any removal of these contaminants which m i g h t  take 
place i n  s i l i c a  g e l  or molecular sieve pretreatment beds. 
13 were t o  evaluate freeze-out characterist ic8 of methylene chloride, acetal-  
dehyde and sulf'ur dioxide, 

Tests 11, 12 and 

TEST APPARATUS 

To accanplish the t e s t  objectives, an experimental freeze-out heat ex- 
changer and associated apparatus were assembled and u t i l i zed .  
apparatus included the following s ix  major divisions. 

The t e e t  

1. Heat exchanger and temperature control/measurement apparatus. 

2. Contaminant and air  feed apparatus. 

3. Gas analysis apparatus. 

4. Nitrogen supply apparatus. 

5. Vacuum producing apparatus. 

6. Chemical Canisters. 
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These divisions and the i r  inter-relationship are shom i n  the  block dleigram 
of Figure 30. 
A detailed description and pictures of the  apparatus are presented i n  
Appendix A. 

A brief description of each of these major divisions follows. 

A stainless s t e e l  counterflow pa ra l l e l  tube heat exchanger was designed 
and fabricated during Phase I1 of the program. 
was based on the Phase I radiator studies and consisted of two half-inch out- 
side dlmeter tubes brazed together along a l O - f o o t  length. Caunterfluw heat 
exchange existed with gaseous nitrogen entering one tube a t  one end a t  cryo- 
genic temperatures and air entering the other tube at the other end of the 
heat exchanger a t  rom temperature. 
sure was used due t o  the increased system canplexity which would have been 
required a t  reduced pressure. Contaminant SMAC p a r t i a l  pressures, however, 
remained unchanged. 
tube w a s  controlled by flow control valves located approximately every two 
feet along the  nitrogen tube. The actual temperatures w e r e  monitored by a 
series of chrmel-alumel thermocouples ins ta l led  i n  and on the heat exchanger. 

The heat exchanger design 

A i r  at approximately one atmosphere pres- 

The temperature profile of the air stream i n  the a i r  

A system of valves and flawmeters and a supply of various contaminants 
provided f o r  the introduction of one o r  more contaminants in to  the air stream 
at concentrations as low as several parts per million. 
air was f i l t e r e d  and routed t o  the mixing valve board where a contaminant at  
the  d e s i r e d  concentration was metered i n to  the air stream. 
then entered a mixing chamber and the uniformly mixed gas stream was routed 
t o  the  heat exchanger. 

Regulated f a c i l i t y  

The air stream 

Two types of instruments were used f o r  monitoring the contaminant concen- 
t r a t i o n  during the freeze-out testing. 
spectrophotaneter and gas chranatograph. 

These instruments w e r e  an infrared 

Gaseous nitrogen w a s  used as the cold f l u i d  fo r  the  heat exchanger. 
Nitrogen frcun standard pressurized bottles w a s  passed through a copper c o i l  
which w a s  submerged i n  l iquid nitrogen. By use of a bypass l i n e  around the 
c o i l  and flaw dis t r ibut ion valves, N2 i n l e t  temperatures between approxi- 
mately 160’ and 500% over a wide range of flow rates could be obtained. 

A vacuum system w a s  connected t o  the freeze-out s i d e  of the heat ex- 
changer so t ha t  it could be evacuated t o  simulate venting a f l i g h t  system t o  
space. 
fusion pump. 
M c M  gage were used dur ing  the evacuation of the heat exchanger t o  monitor 
the  fill range of pressures. 

The vacuum system consisted of two roughing pumps and a dual o i l  d i f -  
A combination of thermocouple gages, vacuum ion gage and a 

Chemical canisters were used t o  determine the adsorption characterist ics 
of silica ge l  and molecular sieve beds. The canisters were i n  the form of 
s m a l l  glass cylinders which held the adsorbents between appropriate spacers 
and filters. The 
amount of s i l i c a  g e l  or  molecular sieve used was between 50 and 100 grams. 

They were inserted into the l i n e  as shom i n  Figure 30. 

0 
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A brief discussion of the test procedures used t o  accauplish the obJec- 
t i v e s  of this study is given below. A more d e t a i l e d  discussion is included 
in Appendix B. 

In order t o  determine contaminant removal i n  the freeze-out tube, the 
tube was chilled t o  correspond t o  the approximate temperature p ro f i l e  of a 
space radiator tube. 
duced in to  the tube. 
a.n attempt was made t o  maintain a constant i n l e t  concentration. 
concentration was measured periodically t o  determine how much contaminant 
w a 8  being frozen out. 

A i r  containing the Contaminant t o  be tested was int ro-  
Gas analyses were continually run on the inlet air and 

The out le t  

To study the  effectiveness of purging a flight radiator  t o  space, a simu- 
l a t e d  vacuum purge was conducted, was frozen on the 
tube w a l l  as described i n  the procedure above. Then the freeze-out tube was 
isolated fran the rest of the system and apened t o  the vacuum system while 
maintaining the freeze-out temperature. After the desired period of evacua- 
tion, the vacuum system was shut off and the tube was warmed by flawing roam 
temperature nitrogen through the nitrogen side of the  heat exchanger. 
freeze-out tube was heated, the residual CO2 subllmed. 
lated by observing the pressure rise i n  the tube and analyzing the residual 
gas f o r  0 2  content, 

A known amount of 

As the 
The amount was calcu- 

An experimental C02 loading t e s t  was run using the freeze-out test pro- 
The inlet and out le t  C@ concentration and the pressure drop across cedure. 

the air side of the  heat exchanger w e r e  monitored. 

Tests  on the  adsorption capacity of s i l i c a  ge l  and molecular sieve were 
run while monitoring i n l e t  and outlet  concentrations and flow rates. 
law ppn inlet values were used but these were increased when loading times 
were found t o  be excessive. 

In i t i a l ly ,  

Freeze -out Effectiveness 

The tes t  r e su l t s  giving fYeeze-out effectiveness are shown i n  Table XV. 
The tabulated p ~ a n  values of the contaminants have been selected frm the d a t a  
as those obtained under the steadiest  conditions of flaw, tube temperature, 
and contaminant concentrations. The inlet and out le t  concentrations are 
averaged over about a half-hour interval. 
ou t l e t  concentrations and temperatures are shown 86 experienced during the 
16-110~ test. 

For run No. 6 a range of inlet and 

79 



El 
d 

E 
4 

E 
4 

ZI 
rl 

m 
m 

In 
e 
0 

W 
4 
n 

8 
a d 

I b o  

k 
R 

ln 

w; 
d d 0  

% ;  
d o  

m m 4  
333 

d d d  
mm 
f 3  

do' 
0 
f 

0 
22 
d d  

o m  
4.3 

o 
f 

d 
m 
f 

d d d  

O I n  a m  
A 

In co 
A 

ln co 

4 

v 
f 

Lnln 

d r l  
b .  

Ln 

l-i V I 

t- In 
f 

P) 
'0 
rl 

4 
5 

aJ 

?? 
4 
'0 

4 

l-i 

cd rl 
A 

8"90 
In \D * $ E  



The air flow rate is included in t he  table and was 0.43 pound/hour during 
most of the  tests. 
tube of 0.5 pound/hour. 
about 2OOOR. 
clean tube. 
m a d e  with essent ia l ly  unloaded tubes. 

This approximates the d e s i g n  flow of a single radiator 
The out le t  freeze tube temperature was maintained a t  

Most test runs lasted for two t o  four hours and were, therefore, 
Except f o r  the CO2 loading tests a l l  tests were s t a r t e d  with a 

The approximate removal effectiveness values have been calculated and 
are included i n  the  table. 
not as a generally applicable value. 
centration or radiator tube temperature could resu l t  i n  a drast ic  change i n  
removal effectiveness. 

They m e  only v a l i d  for the conditions shown and 
For example, a change i n  the i n l e t  con- 

During test No. 1 on alcohol, t h e  inlet concentration of 100 ppm resulted 
i n  an  out le t  concentration of about 4.0 ppm. 
centration led t o  two other tests t o  investigate i t s  probable cause. 
one of these tests the air  f l o w  ra te  w a s  reduced t o  0.07 pound per hour and 
the out le t  concentration dropped t o  ll ppn. 
mine if a f i l t e r  placed i n  the end of the  freeze-out tube would reduce the 
out le t  concentration. The freeze-out tube was shutdown temporarily and a 
small fiberglass f i l t e r  w a s  placed in  the  out le t  end of the tube. The intro-  
duction of contaminants w a s  again resumed, and the f i l t e r  caused a s ignif icant  
reduction i n  the out le t  concentration t o  about 5 p p m .  
i n  the tube the pressure drop rose fram 0 t o  0.2 inch of water in  about 45 

The re la t ive ly  high out le t  con- 
Jhring 

The second test  was run t o  deter- 

However, w i t h  the f i l t e r  

minutes of operation. 

I n  t e s t  No. 2 w i t h  COP, an in le t  concentration of about 400 parts per 
mill ion resulted i n  an out ie t  concentration of 30 parts  per million. After 
freezing out CO2 a t  an average in le t  concentration of about 500 ppm for  one 
hour and twenty minutes, alcohol was added t o  the i n l e t  air stream. It may 
be seen from the tabulated results t h a t  neither gas had a significant effect  
on the fYeeze out of the other. The s l i gh t ly  lower out le t  concentration of 
C 0 2  was at t r ibuted t o  the s l igh t ly  lower temperature at the out le t  of the 
freeze-out tube. 

Test No. 3 w a s  run w i t h  benzene as the contaminant gas. After about 
three hours of tes t ing  w i t h  the outlet  concentration of s i x  ppm, a f i l t e r  w a s  
again instal led i n  the freeze-out tube t o  determine If the out le t  concentra- 
t i o n  could be reduced. 
however, again the pressure drop of the tube increased quite rapidly from 0 
t o  9 inches of water i n  one hour of operation. 
the freeze-out tube w a s  temporarily shutdown and the f i l t e r  w a s  removed. 
Upon inspection the upstream end o f t h e  f i l t e r  w a s  observed t o  have a coating 
of white frost  which smelled strongly of benzene and thus verified t h a t  the 
f i l t e r  was actual ly  removing the benzene. The f i l t e r  was then removed from 
the tube and the i n l e t  concentration was reduced t o  seven ppm t o  see if t h i s  
had a noticeable e f fec t  on the outlet concentration. The out le t  concentra- 
t i on  was only s l igh t ly  reduced frm six t o  four p p .  

The out le t  concentration dropped t o  l e s s  than one ppm; 

Following the pressure buildup, 
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I n  the  t e s t s  on ammania, an Inlet concentration of eight ppm resulted 
i n  an ou t l e t  concentration of about 1.5 ppn. 
raised t o  about 60 p p  with no noticeable effect  on the out le t  concentration. 
"his ou t l e t  concentration of 1.5 ppn wa8 within the  accuracy of measurement 
of the amount which would remain under ideal  freeze-out conditions. To con- 
firm that the frozen material w a s  a l l  rmoved, a fiberglass f i l t e r  was in-  
s ta l led  and no reduction i n  out le t  concentration was detected. 

The inlet concentration was 

In  t e s t s  on methylene chloride with an i n l e t  concentration of lo5 ppm, 
an out le t  concentration of l e s s  than two ppm with a f i l t e r  resulted. With 
no f i l t e r  an inlet concentration of 65 ppn resulted i n  an out le t  concentra- 
t i on  of 30 ppm. Run No. 7 was made with sulfur dioxide. Due t o  l imitations 
of the gas analysis equipment, the inlet concentration used w a s  seven p p  
rather  than 0.5 ppm, which corresponds t o  the SMAC. With t h i s  in le t ,  the 
out le t  w a s  found t o  be l e s s  than one ppm. Acetaldehyde w a s  teated and an 
i n l e t  of 25 ppn gave an out le t  of four p. 

During the 16-110~ Cog loading tes t ,  run No. 6, a number of C02 removal 
effectiveness values were measured. 
between 400 and 1,000 ppm and the out le t  between 30 and 40. 
hours of loading, alcohol was added t o  the i n l e t  a i r  CO2 mixture a t  about 55 
ppm and the outlet  ranged fram one t o  f ive  ppm, indicating an improvement 
over the ear l ie r  alcohol tes t s .  This was at t r ibuted t o  the loaded condition 
of the tube. 

As shown i n  Table XV, the i n l e t  varied 
After about 15 

CO2 Loading and Vacuum Purging 

I n  general, the t e s t s  on C02 loading of the freeze-out tube and vacuum 
purge effectiveness gave only qual i ta t ive resu l t s .  

The CO2 loading test w a s  run fo r  about 16 hours and the pressure drop 
( A  P) of the tube w a s  observed. The pressure drop rose from 0 t o  0.6 inch 
of water; as shown i n  Figure 31. Late i n  the test; however, it w a s  d i s -  
covered t h a t  water vapor was being introduced in to  the tube as well as COP. 
The chemical f i l t e r  fo r  the f a c i l i t y  air  had become loaded. Therefore, the 
pressure r i s e  w a s  due t o  water plus C02 loading of the tube. 
higher than t h a t  which would occur due t o  C02 loading only. 

It i s  probably 

Near the end of the period of loading, the tube w a s  tapped for  several  
minutes and the out le t  concentration and pressure drop monitored. 
was tapped t h e  ou t le t  C02 ppm rose s l i gh t ly  and the pressure drop increased 
from 0.6 t o  0.75 inch of H20. 
upstream portion of the tube w a s  loosened and lodged far ther  down the tube where 
the flow restr ic t ion was forming. 

As the  tube 

The latter would suggest t h a t  material i n  the 

Several minutes a f t e r  the tapping procedure described above, the tube w a s  
shut off and evacuated with the vacuum roughing pump. A s  the glass stopcock 
t o  t h e  pump was opened, a slug of white f r o s t  w a s  seen t o  surge o u t  of the 
tube. 
it w 8 s  found that t h e  pressure drop had been reduced t o  0.04 inch of water. 

Several minutes  l a t e r  a i r  flow through the tube w a s  re-established and 



Therefore, the  material causing the pressure drop had evidently been removed 
by means of the surge t o  vacuum. A i r  flow t o  the freeze tube w a s  again shut 
off ( t he  tube closed off a t  both ends) and then opened t o  vacuum. 
surge of white f rost  was observed. 
H20 and C02. 
out tube was warmed by pumping room temperature N 2  through t h e  N2 side of the 
heat exchanger. An analysis of the pressure r i s e  and the amount of C02 i n  the  
resul t ing gas indicated t h a t  more than bo$ of the C02 had been removed as a 
r e su l t  of the tapping a n d  vacuum surges. The d a t a  was very approximate due t o  
a lack  of accurate measurements on C02 concentrations a t  percentages above J.O$ 
which were encountered i n  the analysis of the residual gas. 

A second 
This material was probably a mixture of 

With less than three minutes t o t a l  exposure t o  vacuum the freeze- 

A subsequent vacuum purge t e s t  was run during which CO2 w a s  deposited a t  
about 500 ppm f o r  two hours and t h e  tube w a s  evacuated f o r  two hours. 
surging w a s  observed and the tube w a s  maintained a t  the freeze-out temperature 
during exposure t o  vacuum. 
gests t ha t  most of the C02 remained i n  the tube. 

No 

The data from t h i s  t e s t  w a s  approximate b u t  sue -  

Chemical Adsorption Tests 

Adsorption tests of benzene and ammonia were run with s i l i c a  gel and 
molecular sievc beds. 
values were used i n  order t o  shorten the t e s t s  and get approximate resu l t s  
f o r  the f eas ib i l i t y  evaluation. The resu l t s  of these tests a re  summarized 
i n  Table XVI. 

Benzene Loading.- During the  f i r s t  t e s t  of benzene i n  s i l i c a  gel, 12 x 
pounds of benzene per pound of dry s i l i c a  gel  (a f te r  heating one hour a t  
350%) were adsorbed. The loading his tory of t h i s  test  is  shown i n  Figure 32. 
The high i n i t i a l  i n l e t  concentration was used t o  load the  bed more quickly, 
and w a s  followed by loading a t  a lower concentration. Following t h i s  benzene- 
s i l i c a  g e l  test, the loaded bed was heated t o  3 5 0 9  i n  an oven. During the 
heating process a strong odor of phenol w a s  experienced i n  and around the 
heating oven. Hence, it w a s  concluded t h a t  the benzene w a s  being (or  had 
been) converted t o  phenol and was being desorbed a t  3509 .  
would l ike ly  happen i n  a s i l i c a  gel bed of an operational C02 concentration 
unit. 

In  general, higher i n l e t  concentrations than the SMAC 

The same thing 

A second loading t e s t  with s i l i c a  g e l  and molecular sieve beds i n  e r i e s  t w a s  s t a r t e d .  
pounds of benzene per pound of  dry s i l i c a  g e l  were adsorbed without f u l l y  
loading the bed. 
of the  s i l i c a  g e l  and in to  the molecular sieve bed w a s  pract ical ly  zero. 
After almost 16 hours of operation the  s i l i c a  ge l  w a s  removed and benzene 
a t  10 t o  45 ppm w a s  introduced into the molecular sieve bed. 
saturated after 1.25 hours with a load of about 2 x pounds benzene per 
pound of molecular sieve material. 

U s i n g  an inlet concentration from 50 t o  100 ppm, 56 x 10- 

During this  time t h e  benzene concentration i n  the ail- out 

The bed became 
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.- The ammonia tests w e r e  a l so  run at high inlet cmcentra- 
the  SMAC of 10 ppn. Both s i l i c a  g e l  and molecular s l w e  

materials adsorbed large quantit ies of emmonia, as indicated i n  Table XVI. 
Tes t  No. 4 was run with an inlet range of 300 t o  700 ppn. 
hours, t h i s  was fbrther increased t o  34 at which point the  bed temperature 
rose and the bed became discolored. The t e a t  was terminated at t h i s  point 
while the  out le t  still  showed no trace of ammonia. 

After about five 

Tes t  No. 5 was run with ammonia passing through the molecular sieve bed 

The molecular sieve became loaded; how- 
for 6.5 hours. As i n  Test No. 4 the  inlet concentration was dras t ica l ly  
increased near the end of the test. 
ever, and the  out le t  concentration rose rapidly a t  the conclusion of the 
test. 

DISCUSSION OF FREEZE-OUT FEASIBILITY 

As a result of both the analytical  and t e s t  phases of t h i s  program, many 
aspects of freeze-out f e a s i b i l i t y  are apparent. These are presented below. 

Contaminant Removal Effectiveness 

The removal effectiveness and o ther  pertinent data on the  ccanpounds 
tested w e r e  summarized i n  Table XV. 
of the individual contaminant when introduced t o  the radiator a t  the SMAC 
was better than hO$. Exceptions may be benzene and sulfur dioxide which 
could not be tested at  the SMAC values due t o  instrumentation limitations. 

I n  general, the removal effectiveness 

The out le t  ppan value appears t o  depend l i t t l e  on i n l e t  ppm. For example, 
reduction of i n l e t  from 25 to  7 ppm for  benzene reduced the out le t  only from 
6 t o  4 ppm. 
addition of a f i l t e r  at  the ex i t  o f t h e  tube. However, t h i s  would be a t  the 
ex-pense of a higher pressure drop ,  and probably a more reasonable f i l t e r  
would be one which f i l t e r s  the ent i re  tube length so a s  t o  d is t r ibu te  the  
contaminant load m o r e  evenly. In any case, a f i l t e r  would increase removal 
effectiveness and possibly hinder purging of the tube. 

The removal effectiveness can be increased materially by the  

There i s  same indication that the maintenance of effect ive removal of 
sane contaminants depends on accurate temperature control of the fYeeze-out 
tube. This was observed with C02 when a s l igh t  increase i n  the tube tempera- 
ture  produced a rapid rise i n  the out le t  concentration. The cri t icali ty and 
specif icat ion of the temperature control would depend upon the freezing point 
of the  par t icular  ccsnpounds being considered. Qualitatively, however, a 
spacecraft radiator  could not be allowed t o  undergo large temperature fluctua- 
t ions  without isolat ing the radiator from the cabin during such fluctuations. 
Also, system design must preclude 8 large buildup of a frozen contaminant 
follawed by the  poss ib i l i ty  of re-introducing t h i s  contaminant into the cabin 
and grea t ly  exceeding the &C. 0 



O f  the contaminants studied an estimated 85s had controlling temperatures 
above 200% and, therefore, could possibly be removed by freeze-out, Bee Table 
V f o r  the specific caupounds. The effectiveness of freeze-out removal, the 
mRxImum steady-state introduction rate, and the SMAC of any part icular  con- ' 

terninant w i l l  determine the sir f l o w  rate required t o  control that contami- 
nant. The single contaminant which requires the highest a i r  f l o w  r a t e  w i l l  
i n  turn establish the required steady-state flow r a t e  of the freeze-out system. 
In  th i s  study, m a n i a  was used t o  establish a preliminary flow requirement 
of 0.75 pound/hw-man based upon a 93% i d e a l  removal effectiveness a t  a 223% 
radiator  outlet. Ten percent of the  metabolic production r a t e  of "3 was used 
as the amount introduced into the cabin and the SMAC a t  one atmo 
taken as 10 p p .  
account fo r  such factors  as actual  removal effectiveness and freeze system O f f -  
l i n e  time for purging. 
a 200% freeze tube out le t  and an i n l e t  concentration of about 10 ppm. 
fore, if "3 remains the determining ccaapound a t  the flow ra t e s  previously 
used, the or iginal  one pound/hour-man is a t i l l  a v a l i d  approximate design 
criterion. 

The 0.75 pound/hour w a s  increased t o  one pound 

During tes t ing about So$ NH3 removal w a s  obtained with 
There- 

However, it should be noted that sane other compound fo r  which r a t e  data 
is  not available could became the f l o w  r a t e  determining compound. 
introduction rate  plus a low removal effectiveness could cause the one pound/ 
hour f l o w  t o  be too low t o  remove th i s  unknown canpound. In  th i s  case the 
compound could be removed by sane other means and included i n  the group of 
compounds not removable by freeze-out or the flow ra t e  could be increased if 
not excessive. Not more than several canpounds of t h i s  type are  expected t o  
exist ,  assuming careful design of future spacecraft t o  avoid them. 

freeze-out at 2OOOR was based on these compounds having controlling tempera- 
tures above 200%. 
might be expected based on calculated vapor pressures a t  the heat exchanger 
e x i t  temperatures. I n  addition, conteminant removal showed no d i rec t  correla- 
t ion t o  either freezing point or SMAC temperatures. 
pounds were removed t o  sane extent. 

pounds which can be controued with the 200aR out le t  temperature. 

A high 

The estimated 854 of contaminants which can possibly be removed using 

The ccmpounds tested were not removed t o  the extent which 

However, all the  can- 

It is eetlmated that the 854 figure approximates the  percentage of com- 

Adsorption i n  S i l i ca  Gel and Molecular Sieve Beds 

The tests on benzene and annnonia adsorption i n  s i l i c a  gel  and zeol i te  
suggest that neither of these materials may be acceptable for  pre-processing 
the air  flawing t o  the freeze-out system. Benzene and ammonia were adsorbed 
i n  substant ia l  quantities. 

The MDRL-type C02 concentrator character is t ics  are  indicated i n  Table 
XVII along with benzene and ammonia throughput of such a unit .  The through- 
put assumes that a i r  a t  seven psi8 and 60 pound/hour containing the SMAc 

ccanparing 
fhese figures with the loading t e s t  r e su l t s  it may be seen that the flow Of 

a r t i a l  pressure of the contaminants i s  passed through t h e  unit .  
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Weight ( lbs  1 
H a J f  Cycle Time ( m l n . ) w  

A i r  ThraUghpUt (lb/hr) 

Benzene Throughputm (lb/half cycle) 

Ammonia Throughput- (lb/half cycle) 

Benzene Throughput (lb/lb-half cycle) 

Ammonia Throughput (lb/lb-half cycle) 

S i l i ca  Gel Bed 

5 

30 

60 

2.0 

1.8 10-4 

0.4 10-4 

0.36 

Molecular 
Sieve Bed 

7.75 

0 

60 

0.54 x 10 
-4 

0.47 

0.06 10-4 

0.07 x 

* See Table X I  (air pressure = 7 psia) 

Using the SMAC partial pressure 

wHt Adsorption t h e  of one bed 



benzene and ammonia through a functional un i t  is  generally several  orders of 
magnitude less than the  capacity of these beds. 
were run at high inlet  concentrations, the comparison suggests t h a t  the con- 
centrator should not be used as a source of air  fo r  the freeze-out system. 

Although the loading tests 

Further adsorption t e s t s  should be run on more contaminants and a t  the  
SMAC concentration. A t  present, however, it appears reasonable t o  question 
the  use of e i ther  zeol i te  or  s i l i c a  ge l  t o  pre t rea t  the  air flowing t o  the 
freeze -out radiator . 

Purging t o  Remove Contaminants 

The tests indicated tha t  purging of an open tube loaded wi th  C02 (and 
H20) could be accanplished with one or  several a i r  surges t o  the vacuum of 
space but might require vibration of the tube. It is f e l t  t ha t  t h i s  mechan- 
ical type purging would be essent ia l ly  as effect ive a t  a seven psia cabin 
pressure as it was shown t o  be a t  one atmosphere. The operation could be 
manual and might not take more than several. minutes. 

The removal of other contaminants by vacuum exposure has not been 
demonstrated, however, the following observations can be made. In  the case 
where CO2 largely dominates tube loading, C02 w i l l  form much f a s t e r  inside 
the tube and other contaminants w i l l  probably be deposited in  a mixed layer 
of mostly CO2. Hence, mechanical-type purging of the C02 layer would purge 
most of the contaminants. Also, other contaminants may crys ta l l ize  i n  a 
loose f lu f fy  configuration which could be purged mechanically similar t o  the 
way C02 is apparently purged. 
loading, purging would be required infrequently and might be accmplished by 
sub lba t ion  during longer exposure t o  vacuum, in case the contaminant layer 
were not removable by a i r  surges. 

In  the case where CO2 d i d  not dominate tube 

In  view of the present tes t  and analyt ical  background, it is concluded 
tha t  purging can be accomplished by vacuum without heating the freeze tubes 
if a surge-type approach is used. 
however, it could be used advantageously. 

If a heat cycle were readi ly  available, 

Although the mechanical surge-type removal of contaminants is advanta- 
geous fo r  purging, it is a disadvantage where continuous effect ive removal 
is concerned. For example, an inadvertant vibration of the radiator  might 
loosen a substantial  quantity of frozen material which would re-enter and 
contaminate the cabin. An in te rna l  f i l t e r  would minimize t h i s  problem but 
would probably introduce the  disadvantage of more d i f f i c u l t  purging. 
def ini te  conclusion on vacuum purging with a f i l t e r  can be drawn. 

NO 

Mission and Vehicle Limitations 

The most Pract ical  cooling sink for  contaminant freeze-out appears t o  
be the low temperature of deep space. 
heat fluxes are very low and require an or ientat ion of part  of the spacecraft 

A t  the  low radiator  temperatures the 



looking COntinu0~8l.y away *an the rmn and local astronaical bodies. ‘fhi8 
geaeFslly b e m a  IpQFe d i f f i c u l t  the closer the c r a f t  is t o  a planst, moon, - 
etc, For the lclRL qnchronous earth orbi t  (20,OOO n.mL) or for lnmlAu8- 
tsrp rllght, the orientation t o  achieve a Zoo% radiator kmperature gppcwrss 
porsible. For near earth orbits (200 n.mi.) such orientation is bpract1ca.l. 
except for a few special caaes. 

AB mentiandl earlier, emriroxments chaxacterized by large and fPsquent 
temperature fluctuations are to be avoided. 
additional temperature control requiranents on the f’reeze-mt system. 

Such fluctuations w i l l  lqpoee 

bss of aod 

The initial analytical studiee assumed that process air would be taken 
frap a molecular sieve-type concentration unit. 
1.6 mm I& partial presaure of 0 2  and result i n  a ywxly CO2 loss frq~ the 
freezer of 335 pounds (see Table XIS). 
suurce, as currently believed, the CO2 and water content of the air entering 
the freezer might be qyite high. 
used aad yould result in a loss  of about 8b pountta/ysar of 
year of H$ (mix man rates).  
An alternative would be t o  use a higher outlet  radiator temperature of 2 d R  
which would alluu CO2 at 4 mu ag t o  pass through the f’reees tube and return 
t o  the cabin. 
an estiPaated 60$ but would a l ~ o  s i m p l i f y  the mechanization of the freeze-out 
concept. 
water Freeze-out heat exchanger could be employed. 
so as to reclaim the water rather than t o  vent it to  space w i t h  the contami- 
nants. However, this would reduce the percentage of contamhmts ucposed t o  
the radiator. 
with the water and require subsequent treatment in the water recovery unit. 

phis air w o u l d  contain about 

If air cannot be taken frop this 

A t  w o r s t  the air i’ruu the cabin could be 
and 600 pounds/ 

These losses would probably be unacceptable. 

This would reduce the percentage of cont8ninante remned to 

Also, at the high tewrperature inlet end of the freeze-out tube a 

e 
It could be regenerated 

For -le, benzene Freezes at 41.60.F’ 8nd would be removed 

Weight, Power and Size 

Weight, powg and radiator area estimates are contained In  Table MI. 
I n  view of the approximate nature of these estimates it is not deemed necea- 
68ry to re-evaluate ther  because of the test results (except for CQ and E$ 
lossae which are di8cwscd above). The might, Size and p€3ver raeain con- 
t ingent on a number of factors peculiar to the particular mlssicm being con- 
sidered. 
be eliminated *an current consideration. 

!be system shwn in the table which uses a molecular sieve should 

The l h i t e d  testing performed during the phase 11 -art w i t h  silica 
gel and molecular sieve material a t  roam temperature demonstrated that these 



capabili ty is a significant fac ta r  and creates the need f o r  a re-evuluatlon, 
w i t h  respect t o  contcuainsnt control, of U l ife mort subsystem6 involved 

&me of these subry8tslPs nay be effective in con- 
t ro l l i ng  certain contagiaMts while other subsystem may act- cauplicate 
their control. I n  additien, the indtvsrtent introduction of contminantr 
into a subsystm lnay prove t o  be injurious t o  the system itself. In vi- 
of thir, a number of studies are suggested which will provlde basic inforur- 
tion on contaminant behavior in an actual  Ufe aupport system and should be 
applicable t o  near term manned chsmber testing. Additional studies concerned 
With specif ic  rmoval techniques, contaminant d a t a  management, and monitoring 
requirements are also suggested. It is recaumended that these research STeas 
be r-ewsd in li@t of the over-all HASA/IRC ccmtaminmt control rerearch 
program and that those areas be selected f o r  study which are consistent w i t h  
the t o t a l  research effort. 

ataa0qhu-e procarring. 

Contaminant R - o v a l  ReseaFch 
- 

ConterpinSnt (=hasacteristics.- In  addition t o  s i l i c a  gel and molecular sieve, 
other material8 and processee within a life support system are also known t o  
be m e a t i r e  in removing or controUing certain contaminants. 
activated charcoal ,  catalyt ic  burners, and condensing water have a l l  been 
shown effective i n  removin& con-taninsnts. It is  suggested that these, and 
other processes or dsorbenta  which show significant contaginant control 
potential, be etudied a8 a number one priority t o  determine the i r  specific 
characteristics. 
t o  be exslained. 

For uraonple, 

The following items should serve as a guide t o  the features 

1. 

2. 

3. 

4. 

5. 

6 .  

w, H$, 02, XQ, and containant  adsorption capability. 

Adsorption effectiveness at law ppm. 

meet on one adsorbate on the adsorption or desorption of others. 

Capacity far adsorption of contaminants having low freezing tem- 
peratures (such that they would be non-controllable i n  a freeze-out 

Regenerat Ian capability. 

Effect of temperature, pressure, and humidity on adsOQtiOn and 
desorption. 

ayetan) . 

contcpninsnt Transport in Life Supp ort Subsystems.- caanpmentary t o  the study 
Oi specific contaminant characteristics. is an investigation of the  a c t i v i t y  
and t r a X W O f i  Of contampinants v i th in  and through the &ims atmosphere pro- 
c e r s ~  aubsyst-. This investigation Should assess the potent ia l  of the 
subryetem aa a useful aontributor t o  over -a l l  contaminant control, well  
Lu anj. p o k n t i a l  hazard which it m i g h t  introduce t h r o w  contaminant storage 
sn8. sudden rel88re or ether undesirable ch-actmistic. SubSy8tcm6 to  be 
investigated should include thore involving water condensation, CO2 concen- 
tration, and other atmorpheric filtering OT processing. Subsy8tcPlS ccmprising 



a 

presently existing l i i e  support system such aa the USA/UIC IISS and those 
planned for the near future should be given priatary consideration. 

Conteminsnf R e p o v a l  Subsyeten Studies.- The abUity of vsriars materials or 
devices to remove specific substances or groups of substances while reaalning 
ineffective tcmrrdsothera suggests that an Gtimum contaminant removal eys- 
tem may consist of an appropriate cambination of a variety of subsyetem 
techniques. 
permit most effective use of their specific lndividua,l capablllties. 

Theee techniques w a d  be Inter-related In such a manner as t o  

In addition, the calabinstion of contaminant removal With other l i fe  sup- 
p0rt subeyatema, or portians of these subrystans, could increase over-all Iss 
parfoxmanee, aa v e l l  as enhance contaminant removd. !Ibis would result if 
an Item, pr imari ly  Intended far one purpose, could be utilized t o  perf- 
additional functions without unfavorable interaction. 

91he iuput t o  these subsystem studies would include basic infaflaation on 
the varloue materiale and devices, such as freeze-out, moleculaF sieve, silica 
gel, activated charcoal, and condeneing water which have been suggested for 
fwthm stuay in preceding recollanendations. The output of the studies wmld 
be a number of i n w t e d  and optimized potent ia l  contaminant control sub- 
syate6s which would then be suitable far specific mission trade-off Studie6. 

Contaminant Retaval Trade-off Studies,- Trade-off analyses in which the per- 
t inent  characterist ics of potential conterninant control subsystems would be 
evaluated on a r s l s t i v e  basis as f’unctions of mission pararetars, should be 
p s r f a r r c d .  Mission parameters such as vehicle configuration, crew size, 
mission duration and trajectory, should be considered. Contarpinant control 
system char8cterist ics could include w e i g h t ,  power  requirements, mlme, and 
crffectiwmess . 

Contaminant Data Research 

Cataloging of Contaminants.- Fundamental to the development of effective con- 
taminant control systems and detection instrumentation is an understanding of 
the individual contaminants which must be considered. It is felt that a 
centralized contaminant cataloging function, exclusively concerned with space- 
vehicle type enclosures, could best accmplish this. 
researched and cataloged would include : 

The information to be 

1. SMAC values. 

2. Rates of generation and variation with time. 

3. Type and degree of hazard or effect on the crew. 

4. Control methods to which the contaminants a r e  susceptible and the 
degree of effectiveness of the methods. 
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5. Applicable detection and monitoring techniques and instnmentr, 
including status of those in development. 

Thir should be considered as a Continuing function, making use of paat 
and future data BLI it becanes available. 
of basic data essential to many areas of contaminant control research. In 
addition, and perhaps more important, this function would be in the p06itiOn 
to provide direction and recommend approaches to permit the most effective 
u6e of individual contaminant control research and developaent programs, 

Ita output would be a meter listing 

Contaminant Origin Studies.- A powerful tool in the research of conterninant 
control is knowledge of the origin of the contaminant. In addition to its 
usef’ulners in the &Amination of opecially harmful substances through material 
selection Illpscificatlons, it can be of value in providing information on the 
rate of generation and expected saturation levels of the contaminants. 
addition, it may suggest unique methods for controlling specific contaminants, 
such as thrwgh the use of special coatings or sealants. 

In 

Contaminant Monitoring Requirements 

Establishing the requirements for contaminant monitoring consists ba- 
sically of selecting the specific contaminants to be monitored’and detennin- 
h g  the best instrument or instruments for the purpose. 
of over-all contaminant research dictates that these bo continuing tasks 
designed to repeatedly screen 8 continually updated master liat of contmi- 
nants and seamh out and incorporate new instrument capability 88 it becanes 
available. A natural fall-out of the program will be recumendation8 regard- 
ing the goals and objectives of future instrumentation research and develop- 
ment efforts. 

The -ding nature 

Contaminants to be Screened for Monitoring.- The implementation of a specific 
concepts or several integrated techniques for control of spacecraft contami- 
nants provides a starting point to establish candidate contaminants to be 
monitored. The criteria to establish the contaminants to be monitored must 
consider not only the performance of the removal device, but also the hazard, 
probability of occurrence, and the rate of introduction for the specific con- 
taminant being consi8ered. For example, the capability of C02 reanoval unite 
to maintain r specific C% cabin air concentration are fairly well dwelaped 
and accepted, however, spacecraft gas monitors s t i l l  require a CO2 determina- 
tion because of the absolute certainty that C02 w i l l  be present. 

found in various closed enviroments. 
to be non-controUable to the SMAC or to the explosive limit by a fresze-out 
radiator with alawer temperature limit of 2 m .  
vides M example of contaminant selection basled on rsmoval unit perfowance. 
Saue of those listed w i l l  have a vory law probability of occurrence and, 
therefore, not require monitoring. 
therefore, not listed, w i l l  probably require monitoring because of their high 
hazard and probability of occurrence. 

The contarninants listed in Wble XVlJI have been caupiled fram the 122 
The list contains only those estimated 

This list, therefore, pro- 

Others controllable by freeze-out and, 

It would be premature at this time to 
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fluorine 

carbon aonoxide 

ozone 

Fopme 

ethylene 

nitric -de 

acetylene ' 

EMAC 
PPDn Accuracy 

0.01 

10 

0.01 

5.3% - 14% 
Explosive 

346 - 34% 
m l o s i v e  

- 
0.05 

wdrogen arsenide 0.005 

l@rochloric acid 0.5 

h rogen 
p P osphide 0.005 

nitrous &de 2.7 

bydrogen W i d e  2.0 

chlorine 0.1 

Sampling Concentration 
I n t e n d  Level Potential 
 ours) $ or p p  (vol.) ~nstrumentation 

4 

1 

1 

1 

8 

4 

8 

- 
1 

1 

1 

1 

1 

1 

1 

O - 80$ 

0.005 - 1.0 
5 - lo00 
0.005 - 1.0 

O - 80$ 

- 
0.025 - 5.0 

0.0025 - 0.5 

0.25 - 50 

0.0025 - 0.5 

1.5 - 270 

1 - 2 0 0  

0.05 - i o  

Gc - Gas Chr-tomqh 

MS - Mass Spectraneter 

IR - Infrared 

IW - Mast Meter 
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establ ish a list of contmlnants t o  be monitored only on the basis of their  
controllabil i ty.  
t r o l  and m e m i t o r i n g  will require a concerted and integrated engineering and 
biological e f for t  f o r  final resolution. 

The contanination problem both frm the standpoint of con- 

Relhlmry estimates have been made of the required accuracy limits, 

These estimates are tentut ivs  because the basic criteria f o r  long- 
seerpliw in tervs l  o r  speed, and concentration levels fo r  the listed contami- 
nants. 
term aontsrminant erposure has not been ccmpletely defined and accepted by all 
concerned with crew safety. !!!he criteria used are based upon a SMAC of one- 
tenth of t he  TLV, and an aesumed low rate of contaminant generation wi th in  
a relati* lasge-volume space orbha such ae MDRL. 

"he l m l  of detection of the t o r i c  contaminants ranges from about one- 
half the  SNAC to 100 tines the SllAC. 
hour 6haUld permit the use of a relatively high t ransient  concentration l i m i t  
without seriaue hazard t o  the crev. 
s i s t en t  w i t h  the range of concentration limits and the sampling interval.  

The sampliDg in te rva l  of about one 

!be level of detection accuracy is con- 

Establishment of Preliminarg Criteria Specification f o r  Monitors.- The spec- 
i f i ca t ion  for t race  contaminant monitors has not been established i n  the 
past because of an absence of reasonable inputs regarding the  number and 
specie8 of contaminants t o  be monitored. The l is t  of po ten t ia l  contaminants 
i s  so large that a prac t ica l  monitoring solution can not be realized. 
taminant control programs, such a0 freeze-out, which we oriented tuward re- 
moving a high proportion of a l l  possible contaminants, can provide an approach 
t o  the establishment of a manageable contaminant monitoring l ist .  

Con- 

The f i r s t  s tep towards develupent of monitoring instrument8 requires 
the establishment of candidate contaainants such as listed i n  Table X V I I I  
and discussed i n  the previous section, "Cataloging of Contamiaants". The 
potent ia l  Instrumentation monitoring techniques fo r  the Table XVIII contami- 
nants have been l i s t ed .  
m i x t u r e  of all the contaminants listed plus other contaminants 86 the l ist  
is expanded. For t h i s  case only a mass spectrameter of ver 

i.e., CO would be on the If2 peak and NE3 would be on the 02 isotope peak. 

is limited as the adsorption spectra are superimposed, however, an IR could 
be used as a scanning instrument t o  detect  p o s s  changes i n  cabin air 
caarposition. 

The most extreme case f o r  monitoring would be a 

high resolution 
could be used. A normal mass spectrometer would give over -6 pping spectra, 

An infrared analysis on a sample containing more than a f e w  canpounds 

me ga8 ChraaaatOgraph is probably the instrument of choice f o r  the 
detection of specif ic  caapounds and also could be used t o  separate the B ~ p l e S  
for  31188s SpeCtraPneter or infrared identification. However, no s ingle  gas 
C h r a m t o g r a p h  column would be capable of separating a l l  the caapaunda. Ei ther  
more than one gaa chranatograph or a multicolumn un i t  would be necessary. 

With the excoption of fluorine, chlorine, hydrogen arsenide and phosphine, 
could be detemined wi th  a two o r  three all the campounds listed i n  Table 

uni t  gaS Chrmtograph. A potent iaaetr ic  measurement f o r  f luorine and chlo- 
r i n e  based upon an oxidation-reduction react ion can be made on a Mast meter 



If they do not occur ~sldtahecb~~-Ths-dekctlon of phosphine w o u l d  appear 
extrarely d i f f i c u l t  at the sensitivities required sod no reasonable techniqlue 
is presently available. 

A materials selection program is a vital part of minimizing the contami- 
nant problcaa and w i l l  take on added significance when specif ic  instruments 
are selected aa m o n i t o r s .  
screened w i l l  dic ta te  the type or types of instruments required. 
probability, the maJority of contaminants w i l l  be detectable by one or  two 
instrumentation techniques. The reraining contmLnant8 may require highly 
specialized and, therefore, mn-reasonable spacecraft instrumentation. A t  
this point a c r i t i c a l  materials specification f o r  the elimination of these 
contaminants or p e n t  contaminants which might produce them would be required. 
If the contamlnants on the master list which require specialized instrumenta- 
t i on  are products, or can be potentially synthesized Ran products, of the 
crew metabolism then the specialized instrumentation may be required regard- 
l e s s  of cauplexity. 

The m a s t e r  l i s t  of cmtamiaants appropriately 
I n  all 

CONCIUSIONS 

1. It was estimated fram the s tudies  that as many as 85s of the 122 contami- 
nants considered could be removed using freeze-out a t  200% 
losses a t  this temperature w e r e  unacceptable, a 280% temperature could 
be ueed which would stin remove an estimated 60$ of the contmainanta. 

Feeding cabin air t o  a 200% freeze-out system would result In a 
water loss of 840 pounds/yes;r and 600 paunds/year respectively. Using 
about 280% fo r  the outlet ,  the Co;! loss  could be eliminated. 
1013SeS could be reduced by usiw a regenerative heat exchanger t o  hwer 
the air i n l e t  temperature t o  the freeze-out tube. 

The most pract ical  coolhg sink fo r  contaminant freeze-out appears t o  
be the low temperature of deep space. For the MOF& synchronous earth 
orb i t  (20,OOO n.mi.) or for interplanetary flight, the orientation t o  
achieve a 200- radiator temperature appears quite reasonable. 
ewth orb i t s  (200 n.mi.) such orientation l a  impractical except for a 

Of the preliminary systems studied, one using a regenerative heat ex- 
changer i n  conjunction w i t h  a fin-tube radiator for d i rec t  cooling of 
the cabin air Is most pranlsing. 
typical  penalties would include a w e i g h t  of about 35 pounds, 25 watts 
fo r  a blower, and about 
requirement would result If' a heater were necessary t o  a id  in purging the 
tube of contaminants t o  vacuum. 
depending upon the  freeze-out temperatures being used. 

If 

2. and 

Water 

- - ____ - -  ---- 

3. 

For near 

fev special  cases. 

4. 

For the altarnate MORL missions, 

ft2 of radiator surface. An additional power 

These penalties would also chaage s l igh t ly  

5 .  U s i n g  cabin air with 4 mu Hg CO2 partial pressure, the space radiator, 
eratlng at  2009 would  require regeneration approximately once every 

- . - . 
0 2 T hours. 
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6. 

7. 

8. 

9. 

98 

hperience gained during t e r t i ng  suggests the  need f o r  a f i l ter  and a 
reliable temperature control syrrtem t o  prevent frozen contaminants fran 
re-entering the cabin. 

Te8tr were run on benzene and rmronia adsorption i n  s i l i c a  gel and 
molecular sieve beds. The results suggest that these lasterials cannot 
be ured t o  pre-process the feed air t o  the freeze-out system due t o  
poarible conteraiaant adsorption. 
further information on the behavior and transport of C O n t a n h a I I t 6  i n  
and thraugh current l i fe  support subsyatems. 

They also indicate an urgent need for  

Alternate contaminant control methods using a variety of adsorbents 
should be investigated t o  obtain suff ic ient  data for  cauparative trade- 
off studies. 

The results of the preliminary analysis and testing indicate that the 
freeze-out control technique is feaeible, though clear ly  limited i n  
capability and is liable t o  became complex both i n  deaign and fabrica- 
t i on  as well a8 operation. However, as an alternate safety feature 
which would be indcpendent of other subsystems, further investigation 
and trade-off studies nuiy be warranted following or concurrent w i t h  
studies of adaorption and other techniques. 
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APPENDM A 
TEST APPARATUS DESCRlPTION 

A generalized description and schematic of the  t e s t  apparatus w a s  pre- 
sented i n  the  text.  
below. 

A detailed description of the major canponents is  given 

Freeze-out Heat Exchanger 

Design.- To permit experimental study of a number of c r i t i c a l  character is t ics  
of a freeze-out space radiator, a single tube representing one element of 
such a radiator was designed. The tube w a s  coaled with N2 such t ha t  i t s  tem- 
perature prof i le  approximately duplicated the calculated prof i le  presented 
earlier i n  Figure 18. The prof i le  used w a s  the 500oR t o  200% portion of the 
curve having an equilibrium temperature of 100%. 

A number of heat exchanger configurations were analyzed with the  result 
t h a t  a simple para l le l  tube counterflow configuration was chosen fo r  use 
(Figures A-1 and A-2). This configuration could be eas i ly  fabricated, 
offered a straight-through pass on the air  s ide which was accessible fo r  f i l t e r  
inser t ion and cleaning, and had an exterior a i r  tube w a l l  through which thermo- 
couples could be i n s t a l l e d .  
tudinal heat conduction and help achieve the temperature prof i le  desired. 
Bleed valves were also located along the N2 side as shown t o  f'urther a i d  i n  
achieving t h i s  profile. The tube w a l l  thickness was 0.028 inch and the two 
tubes w e r e  brazed together along a 10-foot length corresponding t o  the length 
of the radiator  tube. 
180% and air entered the other tube a t  approximately room temperature. Both 
w e 3 1  and stream temperatures were measured with chramel-alumel thermocouples 
spaced a t  two-foot intervals  along the 10-foot t ransfer  section (Figure A-2). 
The act ive l eng th  of the heat exchanger was insulated with a r ig id  block of 
polystyrene foam aB sham i n  Figure A-1. 

Stainless s t e e l  was used t o  minimize the longi- 

Gaseous nitrogen entered one tube a t  approximately 

The thermocouple ins ta l la t ion  fo r  the accurate measurement of air stream 
t e q e r a t u r e s  w a s  the subject of analysis and testing. A t  the  low flow rate 
of 0.5 pound/howr, heat t ransfer  between the thermocouple and the streem is 
quite law and conduction of heat along the thermocouple wire fran the tube 
w a l l  can cause an erroneous reading. Also, the waJl pass-through point must 
be leak-free for  vacuum operation of the a i r  tube and e l ec t r i ca l ly  insulated 
Frau the metal w a l l .  
tube BO that the  Junction i s  i n  the center and the wire does not touch the 
wall. 

The thermocouple must be positioned properly inside the 

Conduction from the tube w a l l  t o  the thermocouple (TC junction was ana- 
lyzed for  chrmel-alumel thermocouple. With 36-gage wire 0.005 inch diameter) 
and 0.25 inch of bare  thermocouple wire normal t o  the air  stream: 
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An idea l  value for  t h i s  r a t i o  would be zero. 
the thermocouple length is increased t o  one inch. 

The ratio is lese than 0.01 if 

The ins ta l la t ion  f i n a l l y  used had about 1 . 5  inches of w i r e  between the  
Glass insulated 

A slight 
Val1 and the junction and is  shown i n  Figures A-3 and A-4. 
pass-throughs w e r e  W e r e d  inp3ace t o  provide a posit ive seal. 
tension i n  the  w i r e  held the thermocouple posit ively i n  position. 

Freeze-out Rrbe Operating Temperatures.- Before freeze-out of contaminants 
was begun, the freeze-out tube thermocouples were checked by canparison with 
laboratory themmeters  a t  room temperature (74%) t o  see if  temperature read- 
ings were consistent with the chrmel-alumel standard mi l l ivo l t  calibration 
curves. The readings a l l  checked within one degree based on these curves. 

The thermocouples were a l so  checked a t  low temperature by cooling the 
heat exchanger t o  LN2 temperature by flowing I242 through both sides of the  
heat exchanger. 
heat exchanger, thermocouples 1 through 9 (a l l  those inside the heat ex- 
changer) read -5.88 + 0.02 mill ivolts.  
ture of the LN2 i n  tse laboratory which was measured by a thermometer and 
found t o  be 140% (the s tandard  boiling temperature at  one atmosphere). 
the  standard calibration curves do not extend t o  t h i s  range, the -5.88 m i l l i -  
vo l t s  a t  140% was taken as a calibration point. 
roam temperature point, a calibration curve f o r  these thennocouples was 
plotted using the  standard calibration curve as a guide as shown i n  Figure A-5. 
This p lo t  was used d u r i n g  testing. 

Exccqt for  thermocouple No. 6 at the uninsulated end of the 

This should correspond t o  the  tempera- 

As 

Frau t h i s  point and the 

Another aspect of the freeze-out tube temperature is  the circumferential 
gradient around the tube. 
typical temperature difference across the two tubes is  shown i n  Figure A-6, 
as measured by the thermocouples. 

For the brazed pa ra l l e l  tube heat exchanger, a 

The temperature difference across both 

228% m\ 240% 
A i r  Tube Outside 
Wall T q e r a t u r e  

Temperature Measured Meamred By 

N2 Tube 
Outside Wall 

TC-I2 By TC-17 

A i r  Tube 
Junction UaLl 
Temperature 

(Hot Measured) 

Figure A-6.- Heat Exchanger Temperature Gradient 
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I 

Side View 

Figure A-4. - Heat Exchanger Thermocouple Installations 
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tubes being 129, the  temperature difference around the a i r  tube should be 
less than t h i s  amount. 
gave differences ranging from 8 t o  19%. 
gradient around the a i r  tube was naninally 10%. 

Several samplings of w a l l  temperature f'rm the data 
It is estimated tha t  the temperature 

A major factor  i n  the simulation of a freeze-out radiator was considered 
to  be the longitudinal temperature profile.  This prof i le  w i l l  e f fec t  the d i s -  
t r ibu t ion  of frozen contaminant along the tube, and i n  turn the removal effec- 
t iveness and loading characterist ics of the  tube. For t h i s  reason it was 
attempted t o  simulate the  prof i le  previously calculated. 

An example of several  typical  p rof i les  obtained during testing are shown 

Temperatures above 300% may not ex i s t  i n  an actual  radiator tube 

Therefore, air would enter t he  tube a t  around 300% and sane freeze- 

i n  Figure A-7. Also indicated is  a band, in to  which most of the temperature 
d a t a  fell .  
since a regenerative heat exchanger would probably be used i n  the freeze-out 
system. 
out removal would take place in  the heat exchanger. 

Nitrogen Apparatus 

A flow schematic diagram of the nitrogen cooling system is shown i n  
Figure A-8. Standard commercial gaseous nitrogen storage bot t les  (K-bottles) 
of 50 l i ters volume and storage pressure of 2,500 p s i  were uti l ized. 
apparatus w a s  arranged so tha t  nitrogen supply could be provided continuously 
f o r  any duration. This was accomplished by u t i l i z ing  a reserve bot t le  which 
w a s  maintained a t  approximately t h e  storage pressure by keeping valve VNS-27 
closed during noma1 operation. When the supply bot t les '  pressure, displayed 
on the regulator's upstream pressure gage, approached zero psi, VNS-28 was 
closed and VNS-27 opened. With the  reserve bot t le  providing the f l o w ,  t he  
supply bot t les  were replaced w i t h  f u l l  bo t t les  and VNS-28 opened. This raised 
the pressure of the reserve bottle t o  approximately t h e  storage pressure of 
the supply bottles.  
ready when needed. 

The a 

VNS-27 then was closed and the reserve bot t le  again w a s  

Commercial l iquid nitrogen was stored i n  portable 50 l i t e r  containers 
The liquid w a s  trans- each providing approximately four hours of test-ing. 

ferred fran these containers t o  an open-mouthed dewar by pressurizing the 
l iquid nitrogen container w i t h  f a c i l i t y  air. The gaseous supply nitrogen 
w a s  passed through a copper coiled heat exchanger which w a s  submerged i n  the 
l iqu id  nitrogen i n  the open-mouthed dewar. 
vided by the l iquid nitrogen and the  high thermal conductivity of the copper 
coil ,  the gaseous nitrogen leaving the coiled heat exchanger w a s  close t o  
the  l iquid nitrogen temperature of 140%. 

With the  large heat capacity pro- 

A system of valves provided for any combination of inlet flow rate and 
Referring t o  Figure A-9, it can be seen tha t  the t o t a l  nitrogen 

The flowmeter, 
temperature. 
flow rate can be adjusted by the  adjustable regulator VNR-23. 
F-2 provides for  a reference for  repeatabil i ty.  
t he  inlet  shown as T i  can be set a t  any value within the range of 140% and 
500% by proportioning the split of nitrogen flow between valves VNM-25 and 
VNM-26. me temperature profile, i.e., the scheduled increase i n  temperature 

The nitrogen temperature at  
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Figure A-9.- Temperature Control System 

with length of tube, was controlled by diverting the nitrogen flow from the 
heat exchanger tube through the control valves VNS-11 through VNS-14. 

Vacuum System 

The vacuum system used for evacuation of the freeze tube is shown in 
It consisted of two roughing pumps and a dual oil Figures A-10 and A-11. 

dif"fus1on pump. 
before it was opened to the diffusion pumps. Pump No. 1 was usually left , 
pumping continuously on the heat exchanger between tests to remove residual 
contaminants and assure a clean tube for upcoming tests. 

Roughing pump No. 1 wae used to initially evacuate the tube 

For evacuation simulating the space environment, the freeze tube was 

This particular system 
opened to the diffusion pumps. 
and worked in conjunction with roughing pump NO. 2. 
was capable of pumping the freeze tube to a pressure of about 7 x lom5 

one on the pump side. 
pump side of the system for accurate high vacuum measurements. 

These pumps were each four inches in diameter 

b3. 

Two thermocouple gages were in the system, one on the heat exchanger and 
A vacuum ion gage and a McLeod gage were placed on the 

A l l  the gages 
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were used durlmg e r a c u t i o n  of the heat ex- t o  COVCT the f'ull rmge of 
prersurts. 
the other gbges. 

The HcIeod M e  vas a l s o  wed for abrolute prersure checks on 

Contamirrant and A i r  Feed Symtem 

A sy&em of valves and flowmeterr anil a supply of various contamlnante 
provided far the Introduction of one or mre contaminants into the air stream 
at concentration6 in the l a w  ppn range (see Figure A-12). 

Faci l i ty  air 8pprOxlmated.y 100 psig wae known t o  contain 02 and mter 
To renave these ccmpaunds frcm the alr vapor, and sane trace conterminante. 

p r ior  to  testing it was passed through a canister containing activated char- 
coal, lithium hydroxide, and calcium eulfate. The t race contamin~nte were 
rQIOVCd in the activated charcoal. was adsorbed by lithium hydroxide. 
Calcium sulfate removed the water vapor present. 
Figure A-13, shows how the  chemicals were proportioned. 

A sketch of the filter, 

To prevent rapid loading of the calcium sulfate w i t h  water, a cold t rap  
placed upstream of the chedcal filter (Figure 14). The trap, a metal 

.inder w i t h  an i n l e t  and an outlet, was cooled t o  approximately 340% by 
being sutacrged in an acetone and dry ice  bath. 
which wa8 f'rozen aut i n  the t rap  wa8 removed a f t e r  each run by Wanaing up 
the trap. 

Water and any possible CO2 

Downstrcm of the water t rap,  the air stream passed through a section 
of tubing w h i c h  was maintained at 600% by an exterior winding of heatlag 
tape. 
particles. 
i n  the air feed system. 

This section of heated tubiag prevented possible clogging due t o  frozen 
It provided unif'orm flow through the l i n e  and a constant pressure 

To check the puri ty  of the a i r  Fran the  chemical f i l t e r  an IR gas ana- 

The metering board (eee Figure A-15) has three contaminant feed lines 

lysis wae made. It was ccmpared with an IR t race of an evacuated cell .  

and two contaminant rotameters. 
a t  rodm temperature were placed i n  a glass flulk conqected between valve8 
VAS-3 and 1F[EI-20. 
passing air through the flask. By opening VAS-3, vapors f r a  the conlxmhant 
were carried vith the  air through the m e t e r i n g  valve VGM-20 and through the 
flowmeter F-4 into the mixing chamber. 
t r a t i o n  of the contaminant i n  the air streem was controlled by the  m e t e r i n g  
valves VAS-3, VGM-20 and VAM-21. 
mined by gaa analyeis of samples taken dawnstream of the mixing chember. 

Contaminants which are i n  the l i q u i d  s t a t e  

The contspninant MII introduced into the air strean by 

Adjustment of the relat ive concen- 

The actual concentration levels were deter-  

Contamlnants existing i n  the gaseous s t a t e  at  room temperature w e r e  in- 
troduced in to  e i ther  of valves VAM-4 or VAM-5 f ran a pressurized tank of the 
contaminant diluted with nitrogen. If l i q u i d  and a gaseous contanriaant (such 
as l iquid benzene and gaseous carbon dloxide) were t o  be tested together, the 
gaseous contamlnant was introduced into VAM-5 and the flowmeter F-5 used as 
a guide for control of the concentration level. 
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Gas Analysis Equipment 

Monitoring gases i n  the low parts per million range is  generally qui te  
d i f f i c u l t .  The two instruments used for t h i s  purpose during the freeze-out 
testing were an i n f r a red  (IR) spectraphotmeter and gas chrosnatograph sham 
in Figure A-16. 

Inf'rared Spectraphotmeter (Beckman IR-5A).- This instrument basically measures 
the adsorption of in f r a red  electranagnetic radiation by a sample of the gas 
t o  be monitored. 
over the  IR range of the electromagnetic spectrum. 
must be capable of measuring adsorption a t  various wavelengths. 

Different gases adsorb radiation a t  specif ic  wavelengths 
Therefore, the instrument 

A Beclnnan type IR-5A instrument was used during testing. This is an 
autanatic recording, double beam scanning instrument designed f o r  the quali- 
t a t i v e  and quantitative chemical analysis of solids, l iquids  and gases. !(!he 
instrument scans the en t i re  IR wavelength range i n  slow scan (16 minutes) 
recording i n  percent transmittance . Wavelength re!producibility is 0.010 
micron and wavelength scale exgansion i s  1.25 inches per micron. The uni t  
can be started at any wavelength and allowed t o  scan only a specif ic  wave- 
length ( t o  monitor a specific ccmpound) over a period of one minute or less. 

Spectrophotometric quantitative analysis i s  based on Beer's law, which 
expresses the relationship between IR l i g h t  absorption and the concentration 
of t h e  c q o u n d  i n  solution. 
t o  (1) the absorptivity of t h e  canpound, (2) the IR l i g h t  path length through 
the sample, and (3) the  concentration of the canpound. This law holds t rue  
f o r  most gases if there  are  no chemical o r  physical reactions taking place. 
Therefore, the greater the number of molecules of the gas being monitored 
which are i n  the beam path, the greater the absorption a t  t h e  specif ic  wave- 
length. High a b s q t i a n  t o  monitor l a w  concentrations can be accanplished 
by increasing the sample pressure o r  by making the beam pass through more 
sample. In  the apparatus a ten-meter path length c e l l  w a s  employed t o  in- 
crease the amount of sample i n  the IR beam. 
with high reflectance mirrors t o  fold the light beam back and for th  t o  make 
a ten-meter path. 
per mill ion full scale t o  low percent full scale depending on the absorptivity 
of the specific molecule. 
a t  a specif ic  wavelength were monitored by t h i s  method. 

Beer's l a w  states tha t  absorption is pruportional 

This was a four - l i t e r  gas chamber 

With t h i s  cel l ,  s ens i t i v i t i e s  ranged f ran  the low par t s  

Only those canpounds with a very high absorptivity 

I n  the freeze-out test  apparatus the  ten-meter c e l l  was plumbed d i r ec t ly  
in to  the a i r  l i n e  and the  analysis made while the air flowed through the ce l l .  
A system of diversion valves was used t o  switch the c e l l  frm the heat ex- 
changer i n l e t  t o  out le t  position. A t  the 0.43 pound per hour flow rates, 
t h i s  c e l l  was found experimentally t o  be 95 percent purged i n  two minutes 
and 99 percent purged i n  f i v e  minutes .  

Gas Chrunatograph (Beckman GC-2A).- The gas chrmatograph is a highly con- 
t ro l l ed  par t i t ioning system for  separating constituents of a gaseous sample. 
Once separated the gases axe detected and measured quantitatively by one of 
many means. I n  t h i s  instrumental setup a non-destructive thermal conductivity 0 



Figure A-16. - Gas Analysis Equipment 



detector was used innnediately al'ter the  par t i t ioning column and then a hydro- 
gen flame detector which burns the cambustable c ~ o u n d s  and measures the  
ion density above the flame. 
f o r  most canbustable caupounds than doe8 the thermal conductivity detector. 
The hydrogen flame sens i t iv i ty  is  dependent on the  mount of noise, both 
electronic and chemical, and the ion density produced by a par t icular  molecule. 

The hydrogen flame has a much greater sens i t i v i ty  

Gee samples were taken en t i re ly  by syringe from the  sampling ports  on 
the gas l i nes  and injected in to  the chranatogrrrph inlet port. Silicone rubber 
diaphragms were used i n  a l l  gas sample ports t o  minimize contamination. 
erally a gas sample of 80 microli ters was used for analysis and was introduced 
fran a syringe employing a stop on the  plunger which gave a repeatable and 
constant volume sample. 

Gen- 

Sensi t ivi ty  and Calibration. - Accurate calibration of the monitoring instru-  
ments at the  very lar ppn values w a s  found t o  be extremely d i f f i c u l t .  Most 
measurements were made-at the lower limits of sensit ivity-on both the chro- 
matograph and the infrared spectruphotaneter. Two methods of calibration 
w e r e  empluyed when possible i n  an attempt t o  eliminate systematic errors  and 
insure an accurate calibration. 

I n  the first method an appropriate gas or l iquid sample was injected 
in to  an evacuated 34.85 l i t e r  s ta inless  steel tank t o  produce the highest 
concentration desired fo r  the calibration curve. 
w i t h  a boiling point such tha t  it would not vaporize a t  vacuum conditions 
then the  sample injection port  w a s  heated. With the sample vaporized the  
tank w a s  pressured with f i l t e r ed  air t o  two atmospheres and after allwing 
time for mixing, the samples were taken by syringe fo r  the chramatograph or 
piped t o  the  spectrophotmeter. 
tank was reduced i n  pressure and repressurized with f i l t e r ed  air  t o  give the  
d i lu t ion  necessary fo r  the des i red  concentration. 

If the same was a l iquid 

For subsequent concentration points the 

The second method was t o  purge and evacuate the 34.85 liter c e l l  and 
in j ec t  the correct amount of gas or  l iquid for each concentration. 
-48s repressurized with filtered a h  the same a8 the first method. The volume 
af l iquid contaminants becomes extremely s m a l l  at the very low pprn values 
and increasing error  can be expected i n  preparation of gas standards. 

The c e l l  

The accuracy of the calibration depends on the sample size, the chemical 
character is t ics  of each ccxn-pound and the instrument used f o r  analysis. 
Ammonia presented problems i n  calibration due t o  corrosive and reactive nature 
of the molecule. The compounds which were measured by chromatographic methods 
w e r e  estimated t o  be accurate t o  +2$ above 25 ppm, +lo$ at 10 ppn and 256 
at 0.5 ppm due t o  background noise i n  the electronics and the hydrogen flame. 
The infrared analyses w e r e  l e s s  accurate when standard curves taken Over the 
t e s t ing  period were canpazed. 
noted. Although t h i s  i s  quite Large it i s s u f f i c i e n t  t o  give useful results 
concerning the  effectiveness of contaminant removal by freeze-out. 

As much as +75$ deviation f'rcnn a mean w e r e  



Chemical Canisters 

i 

Canisters containing s i l i c a  g e l  and molecular sieve pe l l e t s  were assem- 
bled f o r  insertion in to  the air stream (Figure A - 1 7 ) .  
used t o  determine the adsorption characterist ics of s i l i c a  gel and molecular 
sieve beds. The theory p r q t i n g  the tests i s  t ha t  i f  these beds are capable 
of adsorbing contaminante, then the  efficiency of a freeze-out radiator down- 
stream of such canisters i n  a molecular sieve-type C02 concentrator is com- 
promised. 
f'rm the chemicals and purged back into the cabin. 

S i l i c a  Gel.- There were two different  canister configurations used f o r  s i l i ca  
gel. 
C h a i c a l  Co. s i l i c a  ge l  ( 5  mesh - grade 42) which had been loaded w i t h  approxi- 
mately f i v e  grams of water. 
inch diameter glass canister with inlet  and out le t  ports at opposite ends. 
The length of the  packed bed was 1.75 inches. 

These canisters were 

Contaminants t ha t  are  trapped i n  the canisters may be desorbed 

Th e one used during the benzene test contained 100 grams of Davison 

The granules of s i l i c a  ge l  were packed in  a 2.2- 

The canister used during the ammonia tes t  contained 50 grams s i l i c a  ge l  
loaded with about 5% water. 
over-all campressed length of 4.0 inches. 

It had an inside diameter of 1.0 inch and an 

Molecular Sieve.- The molecular sieve canister contained 50 grams of one- 
eighth inch diameter pel le ts ,  type 5A molecular sieve. The glass container 
had a 1.0-inch inside diameter. The length of the packed molecular sieve 
bed w a s  5.0 inches. 

Over-aU. Systm Description 

The over-all freeze-out t e a t  apparatus is  shown p ic to r i a l ly  i n  Figures 
A-18 and A-19,  and schmatical ly  i n  Figure A-20. 

Fac i l i t y  a i r  enters the system, i s  pressure regulated by VAR-31, and 
The contaminants 

The mixing 
the  main stream of air  i s  passed through rotameter F-3. 
are introduced through one or both of the rotameters F-4 and F-5.  
chamber pressure is held constant by means of continuously venting air through 
vent valve VCtR-30. 
taminant and air t o  give a steady contaminant concentration level.  

This constant pressure provide6 fo r  steady flow of con- 

From the mixing chamber the contaminated air  flows t o  a vent and t o  the 
fl-eeze-out heat exchanger. 
spectrophotometer fo r  analysis of the mixing chamber gas. 
placing the four-way valves VGD-l8 and VGD-19 i n  the posit ions shown i n  
Figure A-20 .  
heat exchanger t o  t he  IR. 
positions shown. 
means of rotameter F-1 and the temperature and pressure instrumentation Up- 
stream of the rotameter. 

The vent stream ran  be routed through the IR 
This i s  done by 

These valves are a l so  used t o  d iver t  the out le t  a i r  frm the  
This is done by ro ta t ing  both valves 90' frm the 

The flow r a t e  through the heat exchanger is  measured by 

3.20 



Figure A-17.- Chemical Adsorbent Canisters 
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A i r  flaw through the f reeze tube w u  controlled by means of WS-9. ZZle 
dmerent ia l  pressure across the  tube was measured by the  water manameter Mi. 
b i n &  evacuation of the  i reeze tube VGS-9 and WS-17 w e r e  closed t o  i so la te  
the  tube fra the air flaw syetem. 
opened to t he  mercury barameter @ rather than t o  M1. 

t he  heat exchanger section of the tube. 
one through nine and w e r e  36 gage chromel-dumel. 
thermocouples were 24 gage chranel-alumel. 
manually w i t h  a potentimeter.  

VGD-29 was rotated so that the tube was 

The thermocouples shcm in the figure were placed two feet apart along 
The inside thermocouples are numbered 

The remaining exter ior   all 
The themocouples were read out 

The nitrogen coollng system uti l ized l iquid nitrogen pumped, a8 needed, 
t o  the open-mouthed dewar. 
heat exchanger was controlled by the system of valves shown and discussed i n  
a preceding section. 

The flow of cold gaseous nitrogen thraugh the 

When the chemical canisters were being tested they were inserted in to  
the l i n e  in the posit ion shown. 
air wound the heat exchanger. 
of the schematic diagram was uti l ized i n  the  manner previously described, 

A minor plumbing change wa6 made t o  by-pass 
In th i s  case the equipment in the upper half 



General Test Procedure 

A general test procedure was ueed fo r  all tests w i t h  sane variations, 
such as duration of tes t s ,  use of yacuum purge, and use of molecular sieve 
or si l ica ge l  canisters. 
variation8 are discussed w i t h  the  particular test resu l t s  involved. 

The general procedure is described here. The 

Prior t o  i d t i s t i n g  tests i n  which the heat exchanger was operating, 
the f'reeze-out tube was purged w i t h  clean f a c i l i t y  air, closed, and evacuated 
t o  prevent introduction of s t r ay  contaminants d u r i n g  c h i l l  down. 
nitrogen was Introduced through the nitrogen tube of the heat exchanger with 
all vents open t o  insure that SU the tubes and valves were clear  of obstruc- 
tions. Af te r  a few minutes, all of the vent valves were closed except m-10 
(Figure A-20), allowing a l l  of the nitrogen t o  traverse the en t i re  length 
of the tube. Then l iquid nitrogen was introduced into the open dewar cooling 
t h e  gaseous nitrogen. 
exchanger, the tube temperatures were monitored. 
nunlnsl nitrogen f l a w  rate of 50 liters per minute at  10 psig, the tube tem- 
peratures were approximrrtely 200%. The proper temperature prof i le  was then 
established by opening the vent valves (VNS-U, 12, 13 and 14) t o  predeter- 
mined sett ings . 

Then gaseous 

9y means of the thermocouples instal led in t h e  heat 
Within ten minutes at a 

Coincident with the heat exchanger c h i l l  d a m  operations, flow through 
the contaminant feed c i r cu i t  wae started. 
the cold trap acetone temperature t o  approximately 340% by submerging d ry  
ice  i n  the acetone. 
w a 8  set a t  approximately 20 psig. 
wa8  activated and the pressure downstream of the f i l t e r  was monitored t o  
assure tha t  it w a s  holding constant. 
the metering valve VAM-21, the flawmeter F-3, the mixing chamber and the 
r e l i e f  vent VGR-30. 
priate valves a n d  reference flowmeters i n  the contaminant feed system. Several 
analyses of the mixing chamber gas were made t o  establish the proper contami- 
nant concentration. 
syringe samples f o r  the gas chranatograph. 

The i n i t i a l  operation w a s  t o  lower 

Then f a c i l i t y  air  f low was started and regulator VAR-31 
The heater downstream of the cold t r ap  

The main a i r  f l o w  was routed through 

The contsminant flow was i n i t i a t ed  through the  appro- 

This w a s  done by diverting flow t o  the IR or tdd.ng 

When contaminant and air  f l o w  had been established and the heat ex- 
changer had been chilled, flow was started through the heat exchanger. 
test air stream s p l i t  downstream of the mixing chamber and passed t o  the 
heat exchanger and t o  the IR Spectraphotmeter, when used, w i t h  W - 9  and 
W-17 apen and t he  direct ional  valves WD-18 and VGD-19 i n  the proper posi- 
tions. Valve W-6 was always throt t led t o  allow m - 3 0  t o  constantly vent 
t o  atmosphere thus s t a b i l i z i n g  the mixing chamber pressure. The test air  
stream f l o w  rate wao adJusted t o  about one-half pound per hour on fhn+IIEter 
F-1 by valve Vas-9. A t  t h i s  polnt i n  the procedure, fina.l adjustments Of 
the  nitrogen temperature control valves w e r e  made and the air stream tem- 
perature profile monitored by t h e  thermocouples TC-1 through TC-5. 

The 
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Inlet and uutlet cantaminant concentratians an8 temperatures were moni- 
tored thraughaut the tes t  and necessary SdJustments made t o  maintain flow 
rate, inlet contaminant concentration, and temperatures a t  their  deslred 
values. 
the result8 obtained d u r i n g  the  test. 

The duration of the t e a t  was determined by the test objectives and 

C@ Vacuum Purge and Loading h-ocedures 

A simuLated vacuum purge was conducted t o  predict  the effectiveness of 
purging a flight radiator  t o  space. 
purge and $0 measure and calculate the purge effectiveness was as follows. 

The procedure used t o  accomplish the  

Follaning the loading of CO2 within the heat exchanger, the air tube of 
t h e  heat exchanger wp18 isolated f'rcln the rest of the system including mano- 
m e t e r  for m e a s u r i n g  d i f f e ren t i a l  pressure. The tube was then opened t o  the  
vacuum system and evacuated t o  approxhately 7 x 10-5 m of mercury f o r  
periods of up t o  two hours. During this  time the tube wa6 maintained at the 
freeze-out temperature. The vacum system was shut off fran the freeze tube  
and it was then heated by flowing gaseous nitrogen through the nitrogen tube 
at  roan temperature. 
sublimed, thus increasing the pressure w h i c h  was measured by the mercury mano- 
meter. 

As the tube was heated, the CO2 remaining i n  the tube 

The residual gas w a s  also analyzed f o r  CO, content using the IR. 

The amount of 0 2  remaining after the purge was calculated f r a n  the  
The amount removed by the vacuum perfect gas laws and the gas analysis. 

purge was taken as the difference between the residual  and the amount deposited 
as calculated frm a i r  flow measurements and inlet and out le t  CO2 concentration 
his tory dur ing  the loading period of the test. 

The equations used f o r  the calculations are as follows: 

1. The CO2 frozen on tube w a l l  during loading (W,) is, 

where: - the  average i n l e t  concentration of C02 

t = time (hours) 
0 
W = f l o w  rate of the contaminated air (pounds per hour) 

p= density 



2. Contaminant remaining i n  the  tube af ter  purge (Wf) is, 

where: P = equilibrium p a r t i a l  pressure of C02 ( lb/f t2)  

V = freeze tube volume (ft3) 

R = gas constant of CO2 

T - equilibrium tube temperature 

The C02 loading test was accanplished uaing the general test procedure 
explained previously. With air containing approximately 600 ppm of CO2 flow- 
ing through the heat exchanger air  tube, the d i f fe ren t ia l  pressure mananeter 
across the a i r  tube was monitored. The duration of the test was dictated by 
the rapidi ty  of the pressure drop buildup across the tube. 

Chemical Bed Adsorption Test Procedure 

Separate canisters were f i l l e d  with s i l i c a  ge l  and molecular sieve 
pe l l e t s  and tested fo r  adsorption of benzene and ammonia. 
cedures f o r  contaminant introduction and monitoring which were described 
prevlously w e r e  used f o r  these tes t s .  

The general pro- 

The s i l i c a  ge l  bed of a functional C02 concentrator undergoes a speci- 
f i c  water loading history. 
and instead it was attempted t o  load the test s i l i c a  ge l  i n i t i a l l y  with the 
average water content of a functional bed and introduce the contaminant i n  
a dry air stream. The average &ismtion of w a t e r  was estimated a t  54 (by 
weight) f o r  a functional bed following desorption by heating. 
pr ior  t o  use, the  silica ge l  w a s  dr ied  i n  an oven at  350% and then l e t  
stand i n  the open air  u n t i l  i t s  weight increased approximately 5$. 

It is d i f f i c u l t  t o  sirmilate t h i s  loading history, 

Therefore, 

The molecular sieve pe l l e t s  w e r e  used as obtained from f resh supply 
jars. They were not allowed t o  stand exposed t o  room air. 

In  these adsorption tests the freeze-out radiator  w a s  not used. 
chemical canisters were inetalled i n  the system downstream of the mixing 
chamber, as sham ear l ie r  i nF igure  31. 
ports were available upstream and downstream of the beds, and were used t o  
monitor benzene. 
The inlet and outlet  concentrations of air  flow through each bed was moni- 
tored. 
found. 
Was run with a s i l i c a  ge l  bed and a molecular sieve bed i n  series.  
test with benzene was run with an inlet concentration approaching the SMAC. 
Later tests were run a t  higher concentrations t o  load the  canis ters  more 
quickly. 

The 

Gas chromatograph syringe sampling 

The infrared Bpectrophotmeter w a s  used t o  monitor ammonia. 

I n  t h i s  way the amount of contaminant adsorbed i n  the chemicals was 
The specific test rune a r e  indicated i n  the table below. Tes t  NO. 2 

The first 
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Teet  Contzmbant S i l l caGel  Holecular Sieve 

1 Benzene X 

2 Benzene X X 

3 Benzene X 

4 Anmonia X 

5 Ammonia X 
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